A study of the plastic region around a circular aperture in a thin plate under tension. by Lale, Peter Gilbert.
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ABSTRACT
The p rob lem  o f  a c i r c u l a r  a p e r t u r e  in  a t h i n  p l a t e  u n d e r  
t e n s io n ?  i s  s e t  b r i e f l y  i n  a h i s t o r i c a l  background® R e le v a n t  
p u b l i s h e d  work i s  su rv e y ed  and v a r io u s  ways o f  s t r a i n  m easurement 
a r e  exam ined w i th  a v iew  t o  t h e i r  u s e f u l n e s s  i n  p l a s t i c  and e l a s t i c  
r e g io n s  o f  a  m e ta l  p l a t e *  The method of a t h i n  p h o t o e l a s t i c  
la y e r?  bonded t o  th e  m e ta l  s u r f a c e ?  i s  s e l e c te d ^  i t s  a d v a n ta g e s  
and d i f f i c u l t i e s  a r e  i n v e s t i g a t e d .
The d e s ig n  i s  g iv e n  o f  an a p p a r a tu s  which h a s  been  c o n s t r u c t e d  
t o  s t r e t c h  a t h i n  m e ta l  p l a t e  i n  e i t h e r  one d i r e c t i o n  o r  i n  two 
d i r e c t i o n s  a t  r i g h t  a n g le s*  A r e f l e c t i o n  p o l a r i s c o p e  was a r r a n g e d  
above t h i s  t e n s i o n i n g  t a b l e  f o r  exam in ing  bonded specim ens i n  p o l a r i -  
sod l i g h t ?  s t r a i n s  b e in g  m easured  from  th e  p h o t o e l a s t i c  p a t t e r n s  
o b ta in e d .  P l a s t i c  and e l a s t i c  r e g io n s ?  s u r ro u n d in g  th e  c e n t r a l  
c i r c u l a r  h o le  o f  each  specimen? were examined by t h i s  means. The 
method o f  o b l iq u e  in c id e n c e  h a s  been  d ev e lo ped  f o r  u se  w i th  a bonded 
la y e r?  i n  o r d e r  t o  s e p a r a t e  t h e  i n d i v i d u a l  p r i n c i p a l  s t r a i n s .
R e s u l t s  a re  g iv e n  f o r  a s i n g l e  t e n s i o n  and f o r  two e q u a l  t e n s io n s ?  
u s in g  a lum inium  a l l o y  L71» The s t r a i n s  o b ta in e d  f o r  a s i n g l e  t e n s i o n  
a re  compared w i th  an e x p e r im e n ta l  and a t h e o r e t i c a l  work. The p l a s t i c -  
e l a s t i c  b o u nd ary  ( u s i n g  T r e s c a ’ s y i e l d  c o n d i t i o n )  and th e  m easured 
v a l u e r  o f  s t r a i n ?  i n  th e  c ase  o f  e q u a l  t e n s io n s ?  a r e  compared w i th  
t h e o r e t i c a l  w orks .
11*
The p r e s e n t  work has  o n ly  been  p o s s ib l e  b e ca u se  o f  th e  
h e lp  and c o - o p e r a t i o n  o f  a number o f  people® E s p e c i a l  th a n k s  
a r e  due t o  th e  f o l l o w i n g s -
The M i n i s t r y  o f  S u p p ly , who sp o n so red  t h e  w ork, and i n  
p a r t i c u l a r  t o  Mr®H®B.Howard o f  S t r u c tu r e s  D epartm ent f o r  h i s  h e lp  
and in te r e s t®
Mr.L.W®Derry f o r  h i s  s u p e r v i s i o n  th ro u g h o u t  th e  work, and 
f o r  h i s  a b le  a s s i s t a n c e  i n  o b t a i n i n g  a p p a r a tu s .
M r.W oJ.Peck, who p e r m i t t e d  th e  u se  o f  th e  E n g in e e r in g  D e p a r t­
ment workshop f a c i l i t i e s ,  and th e  workshop s t a f f  f o r  t h e i r  
a s s i s t a n c e  and a d v ic e  on th e  v a r i o u s  e n g in e e r in g  p rob lem s t h a t  
a r o s e .
Mr®S®R®House f o r  h i s  i n t e r e s t  and many c o n s t r u c t i v e  c r i t i c i s m s  
th ro u g h o u t  th e  work *
D r.D cEoR.Godfrey f o r  h i s  i n s t r u c t i o n  i n  t h e  t h e o r y  o f  
e l a s t i c i t y  and p l a s t i c i t y ,  and f o r  h i s  c o n t in u e d  i n t e r e s t  and 
h e l p f u l  comments®
The C e n t r a l  U n i v e r s i t y  R e se a rc h  Fund f o r  p r o v id in g  th e  e x c e l l e n t  
S t r a i n  Gauge B rid g e  equipment®
Dr.RoWoWest, P r i n c i p a l ,  f o r  t h e  use  o f  th e  r e s e a r c h  f a c i l i t i e s  
a t  B a t t e r s e a  C o l le g e  o f  T echno logy  d u r in g  th e  p a s t  t h r e e  years®
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S E C T I O N  I
HISTORICAL OUTLINE
From th e  tim e t h a t  R o b e r t  Hooke announced h i s  law o f  
p r o p o r t i o n a l i t y  be tw een  d e fo rm a t io n  and f o r c e ,  many o b s e r v e r s  
n o te d  th e  f a i l u r e  o f  th e  law u n d e r  c o n d i t i o n s  o f  h ig h  s t r e s s .
However, n e a r l y  200 y e a r s  e la p s e d  b e fo re  s y s te m a t i c  e x p e r im e n ts  
w i th  m e ta l s  were c a r r i e d  ou t t o  d e te rm in e  th e  c r i t e r i o n  o f  
y ie ld in g c
D uring  th e  l8 6 0 * s ,  T re sc a  s u b j e c t e d  a number o f  m e ta ls  to .  
d i f f e r e n t  c o m b in a t io n s  o f  s t r e s s ,  c o n c lu d in g  t h a t  y i e l d i n g  o c c u r re d  
when th e  maximum s h e a r  s t r e s s  r e a c h e d  a c r i t i c a l  value® StoV enant 
u sed  T r e s c a 1s r e s u l t s  t o  fo rm u la te  a th e o r y  o f  p l a s t i c i t y  i n  two 
d im e n s io n s  f o r  a p l a s t i c - r i g i d  body ( i 0e ,  i g n o r in g  th e  e l a s t i c  
component o f  s t r a in )®  A y e a r  l a t e r  Levy ( l 8 7 l )  added a b a s i c  s e t  
o f  e q u a t io n s  f o r  t h r e e  dimensions®
A number o f  i n v e s t i g a t o r s  t r i e d  t o  d e te rm in e  th e  co m b in a t io n  
o f  s t r e s s e s  i n  two o r  t h r e e  d im e n s io n s  t h a t  d e f in e d  th e  l i m i t s  o f  
p l a s t i c i t y  o r  th e  y i e l d  point® Mohr (1900) co n c lu d ed  t h a t  th e  o n s e t  
o f  p l a s t i c i t y  was g o v ern ed  by l i m i t i n g  c o m b in a t io n s  o f  norm al s t r e s s  
and s h e a r i n g  s t r e s s  on any one section®  G uest however, from  t e s t s  
on h o llow  c y l i n d e r s  o f  s t e e l  and b r a s s ,  co n c lu d ed  t h a t  maximum s h e a r  
s t r e s s  governed  th e  l i m i t s  o f  e l a s t i c i t y ®  The d i v e r g i n g  r e s u l t s
o b ta in e d  w i th  d i f f e r e n t  m atei’i a l s  l e d  to  a number o f  f a i l u r e  
c r i t e r i a  b e in g  proposed®
In  1913, von M ises s u g g e s te d  a  y i e l d  c r i t e r i o n  on th e  b a s i s  
o f  p u r e ly  m a th e m a tic a l  c o n s i d e r a t i o n s  $ i t  was i n t e r p r e t e d  l a t e r  
by  Hencky a s  im p ly in g  t h a t  y i e l d i n g  occm rred when th e  e l a s t i c  s h e a r -  
s t r a i n  e n e rg y  r e a c h e d  a c r i t i c a l  value®
Henolcy i n  1923 d i s c o v e r e d  s im p le  g e o m e tr ic a l  p r o p e r t i e s  o f  
th e  f i e l d  o f  s l i p  l i n e s  and i n  1930 G e i r in g e r  o b ta in e d  th e  e q u a t io n s  
g o v e rn in g  th e  v a r i a t i o n  o f  th e  v e l o c i t y  o f  f low  a lo n g  them® T r e s c a 1s 
c r i t e r i o n  was u se d  by  P r a n d t l  who in t r o d u c e d  a " so a p  f i lm "  a n a lo g y , 
and by N adai who u se d  t h e  " s a n d - h i l l " a n a l o g y  and th e  " r o o f - a n d -  
membrane" a n a lo g y  f o r  t o r s i o n  o f  b a r s  i n  th e  p l a s t i c  stage®
In  1925 von Karman a n a ly s e d  th e  s t a t e  o f  s t r e s s  i n  r o l l i n g  
and l a t e r  S i e b e l  and Sachs p u t  fo rw a rd  s i m i l a r  t h e o r i e s  f o r  w ire  
d raw ing .
I t  was n o t  u n t i l  1926 t h a t  th e  y i e l d  c r i t e r i o n  o f  von M ises 
was u p h e ld  ex p er im en ta l ly ®  Lode m easured th e  d e fo rm a t io n  o f  
tu b e s  o f  v a r io u s  m e ta l s  u n d e r  combined t e n s i o n  and i n t e r n a l  p r e s s u r e ,  
show ing t h a t  L e v y 's  p l a s t i c - r i g i d  e q u a t io n s  with M i s e s ' s  y i e l d  
c r i t e r i o n  were v a l i d  t o  th e  f i r s t  approxim ation®  C e r ta in  
d iv e r g e n c e s  o c c u r re d  however and th e s e  were co n firm ed  l a t e r  by 
T a y lo r  and Quinney ( l 9 3 l ) e
The th e o r y  was g e n e r a l i s e d  i n  two im p o r ta n t  r e s p e c t s  from  1930-2<»
Reuss made a llo w an ce  f o r  the e l a s t i c  component o f  s t r a i n  and SiaMid 
and O d q u is t  showed how s t r a i n  h a rd e n in g  co u ld  he b ro u g h t  w i t h in  th e  
fram ework o f  th e  L©vyr M ises e q u a t io n s .  The f i r s t  g e n e r a l i s a t i o n  
was b r o a d ly  co n firm ed  by Hohenemser (1 931 -2 )  and th e  second  by 
Schmidt®
By 1932 a t h e o r y  had been  c o n s t ru c te d ?  re p ro d u c in g  th e  main 
p l a s t i c  and e l a s t i c  p r o p e r t i e s  o f  an  i s o t r o p i c  m a t e r i a l .  However 
from  th e n  u n t i l  th e  e a r l y  19 4 0 ' s  l i t t l e  p r o g r e s s  was made i n  th e  
s o l u t i o n  o f  s p e c i a l  p ro b le m s . F u r t h e r  g e n e r a l i s a t i o n s  were 
fo rm u la te d ?  b u t  th e  m a th e m a tic a l  d i f f i c u l t i e s  in v o lv e d  l i m i t e d  
t h e i r  u s e f u l n e s s 5 a  r i v a l  t h e o r y  by Hencky (1924) was f a v o u re d  f o r  
i t s  a n a l y t i c a l  s i m p l i c i t y  i n  s p i t e  o f  i t s  assum ption?  c o n t r a r y  t o  
e x p e r ie n c e ?  o f  a one-one  r e l a t i o n s h i p  be tw een  s t r e s s  and s t r a i n .
G e n e r a l ,
T h e o r ie s  o f  p l a s t i c i t y  may be d iv id e d  i n t o  two m ain g ro u p sf  
t o t a l  s t r a i n  t h e o r i e s ?  b a se d  on th e  a ssu m p tio n  t h a t  f o r  c o n t i n u a l  
l o a d in g  th e  s t a t e  o f  s t r a i n  i s  c o m p le te ly  d e te rm in e d  by  th e  s t a t e  
o f  s t r e s s 5 i n c r e m e n ta l  t h e o r i e s ,  assum ing  th e  in c re m e n t  o f  s t r a i n  
t o  be u n iq u e ly  d e te rm in e d  by th e  e x i s t i n g  s t r e s s  and th e  in c rem en t  
o f  s t r e s s .
I t  i s  now g e n e r a l l y  r e c o g n i s e d  t h a t  th e  in c r e m e n ta l  t h e o r i e s  
a r e  n e c e s s a r y  f o r  a  com ple te  d e s c r i p t i o n  o f  th e  b e h a v io u r  o f  m e ta l s  
u n d e r  p l a s t i c  c o n d i t i o n s  b u t  t h a t  m a th e m a tic a l  s i m p l i f i c a t i o n  can
- 4 -
som etim es be o b ta in e d  w i th  l i t t l e  l o s e  o f  a c c u ra c y  by  u s in g  the  
t o t a l  s t r a i n  th eo r ie s®
I f  th e  same y i e l d  c r i t e r i o n  i s  assum ed, th e  t h e o r i e s  a re  
e q u iv a le n t  p ro v id e d  th e  p r i n c i p a l  s t r e s s  d i r e c t i o n s  rem ain  c o n s ta n t  
and th e  p r i n c i p a l  s h e a r  s t r e s s e s  rem ain  i n  c o n s ta n t  ra t io ®
Most o f  th e  p rob lem s i n v e s t i g a t e d  have been  th o s e  f o r  which 
th e  e l a s t i c  s t r a i n s  were n e g l i g i b l e  i n  com parison  to  th e  p l a s t i c  
s t ra in s ®  L i t t l e  work has  been  done e i t h e r  t h e o r e t i c a l l y  o r  
e x p e r im e n ta l ly  on e l a s t i c - p l a s t i c  p rob lem s where th e  s t r a i n s  v/ere 
o f  th e  same order® The two d im e n s io n a l  case  o f  a h o le  i n  a 
p l a t e  u n d e r  t e n s io n  i s  a fu n d am e n ta l  problem  i n  t h i s  f ie ld ®
The Problem  o f  a Hole i n  a F l a t  P l a t e  under  T e n s io n ,
Due t o  th e  e f f e c t s  o f  s t r e s s  c o n c e n t r a t i o n ,  p l a s t i c  a r e a s  
commence on th e  boundary  o f  th e  h o le  and s lo w ly  e x te n d  w i th  
i n c r e a s i n g  load®
T
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A) S in g le  T en s io n B) Two Equal T en s io n s
F I G ® 1
S u rro u n d in g  th e  p l a s t i c  r e g i o n  ( o r  r e g io n s )  i s  m a t e r i a l  s t i l l  
w i t h i n  i t s  e l a s t i c  l im i t ?  so  t h a t  th o  r e s u l t i n g  p l a s t i c  s t r a i n s  ax^e 
o n ly  o f  th e  same o r d e r  a s  th e  e l a s t i c  s t ra in s ®  The l a t t e r  c an n o t 
t h e r e f o r e  he n e g le c t e d  i n  any v a l i d  t h e o r y  and th e  s i m p l i f i c a t i o n s  
o f  a  supposed  p l a s t i c - r i g i d  m a t e r i a l  may n o t  be used®
D i f f i c u l t y  r e s u l t s  from  th e  p o s i t i o n  o f  th e  p l a s t i c - e l a s t i c  
b o und ary  b e in g  unknown and ( e x c e p t  f o r  two ro u g h ly  e q u a l  t e n s io n s  
a t  r i g h t  a n g le s )  from  two s e p a r a t e  p l a s t i c  r e g io n s  t h a t  o c c u r ,  
c a u s in g  th e  boundary  t o  be p a r t l y  i n  th e  m a t e r i a l  and p a r t l y  a lo n g  
th e  edge of th e  h o le  ( s e e  fig® IA ) . The t h e o r e t i c a l  ap p ro a ch  to  
th e  p rob lem  i s  t h e r e f o r e  fo rm id a b le  even under  th e  s im p le s t  laws 
o f  p l a s t i c i t y  and t a k i n g  no a c c o u n t  o f  s t r a i n  hardening®
E x p e r im e n ta l  i n v e s t i g a t i o n  r e q u i r e s  m easurement o f  th e  
m agnitude  and d i r e c t i o n  o f  th e  p r i n c i p a l  s t r a i n s  i n  th e  p l a s t i c  
and e l a s t i c  r e g io n s  and th e  l o c a t i o n  of th e  p l a s t i c - e l a s t i c  
boundary® D i f f i c u l t i e s  a r i s e  i n  th e  p l a s t i c  r e g io n s  where ( w i th  th e  
e x c e p t io n  o f  l i n e s  o f  symmetry) th e  d i r e c t i o n s  o f  p r i n c i p a l  s t r a i n  
a r e  unknown 0
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A number o f  t h e o r e t i c a l  p a p e r s  have been  p u b l i s h e d  i n  r e c e n t  y e a r s  
on p l a s t i c  f low  a roun d  a h o le  i n  a f l a t  p l a t e  u n d e r  t e n s i o n .  Among 
them? P a rasy u k  d e a l s  w i th  th e  c ase  o f  c o n s t a n t  s h e a r  round  a c i r c u l a r  
h o le  in  a f l a t  p l a t e  ( l ) ; S a v in  and P a rasy u k  (2 )  make one of th e  few 
a t t e m p ts  t o  d e a l  w i th  work h a rd e n in g .  T h is  l a t t e r  however? i s  
s p e c i a l i s e d  by th e  a s su m p tio n  o f  r i g i d i t y  which i s  in a d m is s ib le  fo r. 
th e  p rob lem  i n  hand where p l a s t i c  and e l a s t i c  s t r a i n s  a re  o f  th e  same 
o r d e r .
The method o f  l i m i t  a n a l y s i s  has  been  a p p l i e d  t o  th e  p rob lem  by 
Hodge ( 3 ) and a l s o  by Gaydon ( 4 ) a Hodge d e f i n e s  a c u to u t  f a c t o r  
a s  th e  l a r g e s t  m u l t i p l i e r  such  t h a t  i f  (TX?T^) r e p r e s e n t  th e  lo a d  
a t  f a i l u r e  on a sq u a re  w i th  no c u to u t?  th e  sq u a re  w i th  a  ( c i r c u l a r )  
c u to u t  w i l l  n o t  f a i l  u n d e r  any lo a d  l e s s  th a n  ( X T ^ X T ^ ) .  Upper and 
lo w er  bounds a re  th e n  found  f o r  th e  c u to u t  f a c t o r .  The a n a l y s i s  i s  
b a se d  on th e  a ssu m p tio n s  o f  p la n e  s t r e s s  and T r e s c a f s y i e l d  c o n d i t i o n .
Hodge l a t e r  p u b l i s h e d  two p a p e r s  ( 5 ) (  6 ) i n  w hich  he s e t  up 
th e  com plete  e l a s t i o - p l a s t i o  p rob lem  f o r  a c i r c u l a r  s l a b  w i th  c e n t r a l  
c u to u t?  s u b je c t e d  t o  u n ifo rm  r a d i a l  e x t e r n a l  t e n s i o n .  For th e  c ase  
where th e  s l a b  i s  l a r g e  compared w i th  th e  c e n t r a l  h o le?  th e  problem  
i s  i d e n t i c a l  to  t h a t  o f  a l a r g e  p l a t e  s u b je c t e d  t o  two e q u a l  t e n s io n s  
a t  r i g h t  a n g le s  and w i t h in  th e  scope o f  th e  work i n  hand .
H is  f i r s t  p a p e r  d e a l s  w i th  a p e r f e c t l y  p l a s t i c  m a t e r i a l  u s in g
T r o s c a ’ s y i e l d  c o n d i t io n *  The a n a l y s i s  i s  c a r r i e d  out u n d e r  p la n e  
s t r e s s  c o n d i t i o n s  h u t  w i th  p o s s i b l y  f i n i t e  deform ation®  The m a t e r i a l  
i s  assumed to  be i s o t r o p i c ?  homogeneous and in c o m p re s s ib le ?  and to  
obey th e  p l a s t i c  p o t e n t i a l  law (w hich  s t a t e s  t h a t  th e  s t r a i n - r a t o  
v e c t o r  i s  norm al t o  t h e  y i e l d  s u r f a c e )*
The e q u a t io n s  a r e  so lv e d  by  a p e r t u r b a t i o n  method b a se d  on th e  
r a t i o  o f maximum s h e a r  s t r e s s  (k )  t o  sh o a r  m odulus (G)? in  w hich  oach 
o f  tho  s i g n i f i c a n t  q u a n t i t i e s  s t r e s s ?  d isp la c e m e n t?  and s l a b  t h i c k ­
ness?  i s  expanded in  a power s e r i e s  i n  t h i s  r a t i o .
Whore f*ss r a d i a l  c o - o r d i n a t e ^  {* ^ r a d i u s  o f  p l a s t i c - e l a s t i c  boundary?
ci s* o u t e r  r a d i u s  o f  slab^ a  r r a d i u s  o f  c i r c u l a r  cutout*,
Tho r e s u l t i n g  s o l u t i o n  i n  th o  p l a s t i c - e l a s t i c  c a se  f o r  s t r a i n s  i s § -  
E l a s t i c  Region  ( J  )
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and th e  lo a d  i s  g iv e n  by
As th e  s la b  w id th  t e n d s  t o  i n f i n i t y ?  t h i s  s i m p l i f i e s  t o  s
JL s /  — S  . . r . . ? i g n o r in g  to rm s ini* ( s i n c e  k  ^-’ .01 )  
X k  2 f  Ci 5
(4-)
The r a d i a l  s t r a i n s  o b ta in ed ?  and th e  r a d i u s  o f  th e  p la s t ic -*  
e l a s t i c  boundary  can be s u b je c t e d  to  e x p e r im e n ta l  t e s t . ( S e e  S e c t io n  IV) 
H odge 's  second  p a p e r  (6 )  a g a in  d e a l s  w i th  th e  c o n d i t i o n  o f  p la n e  
s t r e s s .  He c o n s id e r s  th e  e f f e c t s  o f  s t r a i n  h a rd en in g ?  by 
a p p ro x im a t in g  a s t r e s s - s t r a i n  cu rve  in  t e n s i o n  to  t h r e e  s t r a i g h t  
l i n e  segm en ts .  For b i a x i a l  s t a t e s  o f  s t r e s s  th e  m a t e r i a l  i s  assumed 
t o  s a t i s f y  a f lo w  law b a se d  on th e  maximum s h e a r  s t r e s s .
G en era l  e q u a t io n s  ar© g iv e n  and th e n  s i m p l i f i e d  by assum ing  t h a t  
t h e  boundary  d is p la c e m e n ts  may be n e g le c t e d  f o r  sm a ll  s t r a i n s ?  and 
t h a t  th e  e l a s t i c  com ponents may be n e g le c t e d  f o r  l a r g e  s t r a i n s ,
F ig .2  shows th e  fo rm  o f  t h e  segm ented s t r e s s - s t r a i n  curve? u sed
0  +-Coto<) a
FIG. 2
For th e  f i r s t  p l a s t i o  s ta g e  in  th e  r e g io n  AB? th e  s o l u t i o n s  a r e  
g iv e n  in  c lo s e d  form  and t h e n  r e a r r a n g e d  a s  a power s e r i e s  i n  n f o r  
e a s i e r  c o m p u ta t io n .  The s o l u t i o n s  (up  to  te rm s  in  if) a re?  f o r  s t r a i n s
I
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S o lu t io n s  a r e  i n d i c a t e d  f o r  th e  ca se  o f  p l a s t i c  r e g io n s  
beyond B  (fig® 2 ) and a r e  g iv e n  f o r  com ple te  p l a s t i c i t y .  The 
s t r a i n s  and th e  p o s i t i o n  o f  th e  p l a s t i c - e l a s t i c  b o u n d a ry ,  f o r  th e  
case  o f  a c o n ta in e d  p l a s t i c  r e g i o n ,  can  be s u b j e c t e d  t o  e x p e r im e n ta l  
t e s t  by  c h o o s in g  th e  form  o f  f i g .  2 t o  s u i t  th e  m a t e r i a l  u se d .
A d i f f e r e n t  a p p ro a c h  has  b e en  made by G a l in  (7  ) who d e a l s  w i th  
th e  c o n d i t i o n  o f  p la n e  s t r a i n .  A h o le  i n  an i n f i n i t e  p l a t e  i s  con­
s i d e r e d  u n d e r  two t e n s i o n s  a t  r i g h t  a n g le s  (T ? and T ^ ) • L i m i t a t i o n s  
a r e  imposed on th e  r a t i o  o f  ^  s T^, a s  th e  th e o r y  a l lo w s  o n ly  one 
p l a s t i c - e l a s t i c  boundary  to  be p r e s e n t ,  i 0e a th e  p l a s t i c  r e g io n  must 
a lw ays c o m p le te ly  s u r ro u n d  th e  h o le  ( s e e  f ig «  l )
The s t r e s s e s  i n  th e  p l a s t i c  r e g io n  a re  assumed t o  be in d e p e n d e n t  
o f © |  a l th o u g h  t h i s  i s  c o r r e c t  when th e  p e r p e n d i c u l a r  t e n s io n s  T and 
T ^  a r e  e q u a l ,  i t  i s  u n l i k e l y  t o  be th e  ca se  i f  T ^ T ^ ,  f o r  which i t  i s  
p u t  fo rw a rd .
The d isp la c e m e n t  ( o r  v e l o c i t y )  components a r e  n o t  c o n s id e re d  
and t h e r e f o r e  no c o n d i t i o n s  in v o lv in g  t h e i r  c o n t i n u i t y  o ve r  th e  
p l a s t i c - e l a s t i c  bound ary  a r e  made.
The s o l u t i o n  u n d e r  t h e s e  a ssu m p tio n s  i s  b ih a rm o n ic  and i s  
sum m arised below  u s in g  complex p o t e n t i a l s  ( s e e  Appendix p .  W )
S u f f i x  2 * o ® o. 9 ® 11 u 11 e l a s t i c  ”
The s t r e s s  c o m b in a t io n s  i n  t h e  p l a s t i c  r e g io n  a re  -taken t o  be
0  s  - a k  —  -  ~  _  „  _____ (?)
0 '  =   _  - J/o)
Complex p o t e n t i a l s  a r e  th e n  fo u n d sso  t h a t ?
a) i n  th e  e l a s t i c  r e g io n  th e  c o r r e c t  s t r e s s e s  a t  i n f i n i t y  a r e
o b ta in e d .  i . e .  (fi) T, +  & 0  c i S l M - ^ ® 0
b) th e  s t r e s s  components a r e  c o n t in u o u s  from r e g io n  1  t o  2 on 
c r o s s i n g  th e  p l a s t i c - e l a s t i c  boundary  c .
S u f f i x  1  ««.o * ^ , . q u a n t i t i e s  i n  t h e  p l a s t i c  r e g i o n *  \
G a l in  a c h ie v e s  t h i s  by a  con fo rm al t r a n s f o r m a t io n  of th e  curve  c^  
i n t o  a u n i t  c i r c l e  j ^ j - /  i n  a  n e w ^ - p l a n e  u s in g  th e  t r a n s f o r m a t i o n
z  -  ° ( < f  +  | | )
C o n d i t io n  a) i s  s a t i s f i e d  by t a k i n g
t c
and / i r  2  L6(j d  ~
S u i t a b l e  form s f o r  th e  complex p o t e n t i a l s  a re  th e n  s p e c i f i e d  i n  th e
( p - p la n e  a s s  OC 2 (<P) ~  A  +  |  ---------------- ----  -  -  ill)
/ S ^ ( c p ) —  4 k • -  -  -  -  - -  (/£ )
1 f ~  k
and th e s e  g ive  th e  r e q u i r e d  c o n t i n u i t y  o f  s t r e s s #  \
The p r e d i c t e d  shape  o f  th e  p l a s t i c - e l a s t i c  bo und ary  i s  an e l l i p s e ,
becom ing a c i r c l e  when T, st T^« :
x k
Under t h i s  c o n d i t i o n  th e  r a d i u s  of th e  c i r c l e  i s  g iv e n  by th e  
e q u a t io n
X  =  /  * 2  >  §  ------------- - -  -  -  # 3 )
and can be s u b je c t e d  t o  e x p e r im e n ta l  t e s t .
F a i e r b e r g  ( 8 )  s e t s  ou t t o  g iv e  an ap p ro x im ate  s o l u t i o n  f o r  th e  
oase  o f  t e n s io n  i n  one d i r e c t i o n  in  a t h i n  p l a t e  w i th  a c i r c u l a r  
h o l e .  The method u sed  i s  b a se d  on th e  a p p l i c a t i o n  o f  a th e o r y  o f  
e l a s t i c  and p l a s t i c  b en d in g  o f  a cu rved  b a r .  The e q u a t io n s  a re  
b u i l t  up in  s ta g e s ?  f i r s t  w i th  a p l a s t i c  r e g io n  i n  co m press ion  in  th e  
ba r?  th e n  in  th e  f i b r e s  i n  t e n s i o n  and th e n  b o th  toge ther .*  He n e x t  
e x te n d s  th e  prob lem  to  a t h i n  r in g ?  c o n s id e r in g  th e  b e n d in g  moment 
hn one q u a d ra n t .  F i n a l l y  th e  s o l u t i o n  i s  e x te n d ed  to  th e  c a se  o f  
a p l a t e  s i x  t im e s  th e  d ia m e te r  o f  th e  hole.- I t  i s  t h i s  s e c t i o n  t h a t  
comes w i t h in  th e  scope o f  t h e  work in  hand.
He g iv e s  c u rv e s  f o r  s t r a i n  a lo n g  th e  t r a n s v e r s e  d ia m e te r  and a 
g rap h  o f  th e  shape and e x t e n t  o f  th e  p l a s t i o  r e g io n  i n  t h i s  d i r e c t i o n .  
These a r e  compared w i th  th e  p r e s e n t  e x p e r im e n ta l  work in  S e c t io n  IV+
G r i f f i t h  ( 9  ) c a r r i e d  o u t an e x p e r im e n ta l  i n v e s t i g a t i o n  o f  th e  
e f f e c t s  o f  p l a s t i c  f lo w  i n  a  t e n s io n  p a n e l  w i th  a c e n t r a l  c i r c u l a r  
h o l e .
Seven u n ifo rm ly  d im en sion ed  24s  -  T (B .S .S .  DTD 5010) p a n e ls?
24” wide x .0 9 1 H t h i c k  x 59” o v e r a l l  l e n g t h  w i th  a 4 n diam.. c e n t r a l  
c i r c u l a r  h o le  were s u b j e c t e d  t o  v a r io u s  t e n s io n s  ( a lo n g  t h e i r  l e n g t h ) '  
t o  s tu d y  th e  e f f e c t  o f  p l a s t i c  f lo w  a t  th e  p o in t  o f  maximum s t r e s s  
c o n c e n tr a t io n o  L oad ing  and u n lo a d in g  th e  p a n e l s  was r e p e a te d  up
to  100 tim es?  b u t  no o b s e rv a b le  change o c c u r re d  in  th e  maximumivalue 
o f  th e  s t r e s s  and s t r a i n  c o n c e n t r a t i o n  f a c t o r s .
Loads were v a r i e d  so t h a t  th e  av erage  n e t  s e c t i o n  s t r e s s  ( i . e .  
a l lo w in g  f o r  th e  c e n t r a l  c u to u t )  ran g e d  from  23°5 x 10*l b s / s q , i n .  t o  
5O.6  x  10’ I b s / s q . i n .  S t r a i n s  were m easured m a in ly  by gauge 
l e n g t h  e l e c t r i c a l  r e s i s t a n c e  s t r a i n  gauges b u t  some l n gauges were 
u se d .  E le c t r o m a g n e t ic  gauges?  s p e o i f i c a l l y  d e s ig n e d  to  be a c c u r a t e  
( ^  ijifo) a t  l a r g e  s t r a i n s ?  m easured  th e  maximum s t r a i n  c o n c e n t r a t i o n s .
In  an e l a s t i c  s t r a i n  d i s t r i b u t i o n  , th e  -J-” gauge l e n g t h  would 
g iv e  a c a l c u l a t e d  e r r o r  o f  2 . 5% below  maximum s t r a i n ?  due to  th e  s t r a i n  
g r a d i e n t  a c r o s s  th e  gauge. The r e s u l t s  a re  g iv e n  f o r  jjrn gauges b u t  
no c o r r e c t i o n s  have been  made to  th e  r e a d i n g s .
P u r e ly  e l a s t i c  s t r a i n s  gave m easured  c o n c e n t r a t i o n  f a c t o r s  o f  
3 .0 8  a t  th e  h o le  edge compared t o  th e  t h e o r e t i c a l  f a c t o r  o f  3 .0 0 .  
G r i f f i t h  d e a l s  in  te rm s  o f  n e t  s e c t i o n  s t r e s s ?  whereupon th e  f a c t o r  
becomes 2«50 ffur a 6 g 1 r a t i o  o f  p l a t e  w id th  t o  h o le  d ia m e te r  and 
a c o r r e s p o n d in g  v a lu e  o f  2 .57  was obtained®
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Graphs a r e  g iv e n  f o r  p a n e l  lo a d  v e r s u s  s t r a i n  a t  th e  h o le  edge,, 
f o r  s t r e s s  and s t r a i n  o o n o e n t r a t io n  f a c t o r s  v e r s u s  th e  a v e rag e  n e t  
s e c t i o n  s t r e s s ,  and f o r  s t r a i n  v e r s u s  d i s t a n c e  from  th e  h o le  ed g e .
The s t r e s s e s  have been  s im p ly  c a l c u l a t e d  by r e a d in g  o f f  from  th e  
t e n s i l e  s t r e s s  -  s t r a i n  cu rv e  o f  th e  m a t e r i a l .
T h is  method o f  s t r e s s  d e te r m in a t io n  can o n ly  be approx im ate  s in c e  
i t  assum es th e  s t r e s s  t o  depend s o l e l y  on th e  f i n a l  s t a t e  o f  s t r a i n ,  
and a p p a r e n t ly  makes no a llo w a n ce  f o r  th e  e f f e c t  o f  t r a n s v e r s e  s t r e s s e s #
The s t r a i n s  o b ta in e d  a r e  compared w i th  th e  p r e s e n t  work i n  
S e c t io n  IV . .
Budiansky  and V idensek  (10) p u b l i s h e d  a p a p e r  t h a t  was c o n c e rn e d , 
a s  was an e a r l i e r  p a p e r  by S to w e l l  ( l l ) ' ,  w i th  th e  c a l c u l a t i o n  o f  s t r e s s  
a round  a c i r c u l a r  h o le  i n  a p l a t e  under  a s i n g l e  t e n s i o n ,  u s in g  th e  
r e s u l t s  o b ta in e d  by  G r i f f i t h  ab ove .
An ap p ro x im a te  t h e o r e t i c a l  s o l u t i o n  i s  p r e s e n te d  f o r  th e  s t r e s s e s  
in  th e  p l a s t i c  r a n g e ,  b a se d  on th e  s im ple  d e fo rm a t io n  th e o r y  o f  p l a s t i ­
c i t y ,  and i s  fo u n d  by  a p p l i c a t i o n  o f  a v a r i a t i o n a l  p r i n c i p a l  i n  co n ju n c ­
t i o n  w i th  th e  R a le ig h - R i t s  p ro c e d u re ,  and th e  u se  o f  a  h ig h  speed  
com puting  m ach ine . ( s .E .A .C . )  N um erica l r e s u l t s  a r e  o b ta in e d  f o r  
f o u r  d i f f e r e n t  m a t e r i a l s ,  w hich a r e  c h a r a c t e r i s e d  by f o u r  d i s t i n c t  
u n i a x i a l  s t r e s s  -  s t r a i n  c u rv e s .  These c u rv e s  were d e f in e d  u s i n g  a
form  p ro p o sed  by Ramberg and Osgood ( 1 2 ) g-
str-aCri, £  ~  ^  \ I )  j£ L 7 \of/ ■ J
where<Ts th e  a p p l i e d  s tress,O J" g?. v a lu e  o f  s t r e s s  a t  whioh th e  
s e c a n t  modulus E^ ssr 0®7E and n i s  a p a ra m e te r  chosen  to  p ro v id e  
th e  b e s t  f i t  t o ' t h e  s t r e s s - s t r a i n  cu rve  o f  th e  a c t u a l  m a t e r i a l  
u n d e r  c o n s id e ra t io n ®
Formulae a r e  g iv e n  f o r  th e  r e s u l t i n g  v a lu e s  o f  C~ ? 0 ^  and 
7 r # >  and c u rv e s  o f  s t r e s s  d i s t r i b u t i o n  a re  drawn*
The a u th o r s  conc lude  t h a t  th e  s o l u t i o n  i s  f a r  from  th e  f i n a l
answer? b u t  t h a t  an e x te n s io n  o f  th e  p r e s e n t  a p p ro a ch  to  in c lu d e  
more d e g re e s  o f  freedom  would o v e r ta x  th e  com puting  machine I
SCOPE OF THE PRESENT WORIC 
An a p p a r a tu s  h as  been  c o n s t r u o te d  to  s t r e t c h  a  t h i n  p l a t e  
c o n ta in i n g  a sm a ll  hole? i n  e i t h e r  one d i r e c t i o n  o r  in  two d i r e c t i o n s  
a t  r i g h t  an g le s?  w i th  t e n s i o n s  up t o  20 tons.-  Aluminium a l l o y  L7X 
has  been  u se d  a s  th e  p l a t e  m a t e r i a l .  T h is  a p p ro a ch e s  th e  i d e a l  c ase  
o f  l i n e a r  e l a s t i c  e x te n s io n ,  r a p i d  t u r n  o ver  a t  y i e l d  and th e n  low 
t a n g e n t i a l  m odulus.
R a t io s  o f  p l a t e  w id th  t o  h o le  d ia m e te r  from  6 s i  t o  2 4 s l  have been  
used;. For an i n f i n i t e  p l a t e  u n d e r  e l a s t i c  e x te n s io n ,  th e  s t r e s s  con­
c e n t r a t i o n  f a l l s  from  t h r e e  t im e s  a t  th e  hoi© edge t o  w i th in  2% o f  
i t s  i n f i n i t y  v a lu e  f o r  p o i n t s  a t  s i x  t im e s  th e  r a d i u s  from  th e  h o l e .
The c a s e s  d e a l t  w i th  t h e r e f o r e  ap p roach  t h a t  o f  a h o le  in  an i n f i n i t e  
p l a t e  w h i le  th e  p l a s t i c  r e g i o n s  rem ain  s m a l l ,
A number o f  specim ens u n d e r  a s i n g l e  t e n s io n  have been  i n v e s t i ­
g a te d  and some work has  been done on two e q u a l  t e n s i o n s  a t  r i g h t  
a n g le s .  S t r a i n  m easurem ents  have been  made in  p l a s t i c  and e l a s t i c  
r e g io n s  and th e  p l a s t i c - e l a s t i c  boundary  d e te rm in e d  u s in g  th e  T reso a  
c r i t e r i o n „
Use has been  made o f  t h i n  p h o t o e l a s t i c  l a y e r s  bonded t o  th e  m e ta l  
to  d e te rm in e  th e  s t r a i n s .  The l a y e r s  have b een  view ed in  p o l a r i s e d  
l i g h t  by means o f  a r e f l e c t i o n  p o l a r i s c o p e .  A number o f p r a c t i c a l  
d i f f i c u l t i e s  had to  be overcome in  o rd e r  to  o b ta in  a c c u r a t e  m easurem ents

a n d  t h e  w o r k  d e m o n s t r a t e s  t h i s  m e t h o d  f o r  t h e  a n a l y s i s  o f  t w o -  
d i m e n s i o n a l  p r o b l e m s .
F i g .  3  s h o w s  t h e  a p p a r a t u s ,  w i t h  t h e  o p t i c a l  s y s t e m  
a r r a n g e d  f o r  u s e  a t  o b l i q u e  i n c i d e n c e  ( s e e  p ® 7 2 )->
R e s u l t s  f o r  t h e  c a s e  o f  a  s i n g l e  t e n s i o n  a r e  c o m p a r e d  w i t h  
t h e  e x p e r i m e n t a l  w o r k  o n  l i n e s  o f  s y m m e t r y  b y  G r i f f i t h  ( 9 )  a n d  a  
t h e o r y  b y  F a i e r b e r g  ( 8 ) .  T h e  c a s e  f o r  t w o  e q u a l  t e n s i o n s  i s  
c o m p a r e d  w i t h  t h e o r e t i c a l  w o r k s  b y  H o d g e s  ( 5 ) ( 6 )  a n d  G a l i n  ( 7 ) .
S E C T I O N  l i ft ,, 
METHODS OP STRAIN MEASUREMENT
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I d e a l l y ,  a  method was r e q u i r e d  t h a t  would d e te rm in e  a c c u r a t e l y  
th e  p l a s t i c  and e l a s t i c  s t r a i n s  and t h e i r  p r i n c i p a l  d i r e c t i o n s  a t  
a l l  p o i n t s  on a  p la n e  m e ta l  surface®
W ith t h i s  i n  v iew , th e  a d v a n ta g e s  and l i m i t a t i o n s  w ere  exam ined 
o f  a number o f  m ethods f o r  s t r a i n  m easu rem en t• Some gave o n ly  
q u a l i t a t i v e  r e s u l t s  o r  r e q u i r e d  c o n s id e r a b le  p l a s t i c  s t r a i n  to  
p ro d u ce  a m e a su ra b le  e ffe c t®  C e r ta in  m ethods r e q u i r e d  th e  m e ta l  
to  have a  fin©  g r a i n  s t r u c t u r e  and some wore s u i t a b l e  o n ly  f o r  s t e e l s  § 
o t h e r s  had more g e n e r a l  a p p l ic a t io n ®
The m ethods o f  s t r a i n  d e t e c t i o n  c o n s id e r e d  w e re s -
1 ) X - R a y  d i f f r a c t i o n ®
2 ) B r i t t l e  l a c q u e r s ®
3 ) G r i d  M e t h o d
4 ) M e c h a n i c a l  e x t e n s o m e t e r s ®
5 ) L u d e r s  l i n e s ®
6 ) A c i d  r e a c t i o n ®
7 ) H a r d n e s s  c h a n g e s ®
8 ) I n t e r f e r e n c e  b e t w e e n  s u r f a c e  a n d  g l a s s  p l a t e ®
9 ) G r a i n  s i z e  c h a n g e s ®
1 0 ) R e s i s t a n c e  c h a n g e s ®
1 1 ) M a g n e t i c  c h a n g e s .
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12) M e ta l lo g r a p h ic  m ethods.
13) E l e c t r i c a l  r e s i s t a n c e  s t r a i n  g a u g e s .
14) A dhesion  o f  a  p h o t o e l a s t i c  l a y e r .
l )  X -ra y  D i f f r a c t i o n
To m easure  s t r a i n s ,  a  f i n e  beam o f  X -ra y s  o f  known w a v e le n g th  
i s  d i r e c t e d  on to  t h e  specim en  w h i le  u n d e r  l o a d .  The back, 
r e f l e c t i o n  method i s  u se d  and th e  d i f f r a c t e d  cone o f  r a y s  im p inges  
on p h o to g ra p h ic  f i lm  t o  form a d i f f r a c t i o n  c i r c l e .  Only g r a i n s  
h a v in g  a  p a r t i c u l a r  o r i e n t a t i o n  g iv e  r i s e  to  th e  c i r c l e  whose d ia m e te r  
i s  a  m easure  o f  th e  i n t e r a t o m i c  s p a c in g  o f  t h e s e  g r a i n s .  The change 
i n  a to m ic  s p a c in g  g i v e s  t h e  e l a s t i c  s t r a i n  f o r  s t r e s s e s  i n  l i n e  w i th  
th e  p a r t i c u l a r  o r i e n t a t i o n  s e l e c t e d  by th e  X - ra y s .
Such m easurem ents y i e l d  o n ly  th e  e l a s t i c  p a r t  o f  th e  s t r a i n  even  
tho ugh  c o n s i d e r a b le  p l a s t i c  f lo w  may have o c c u r r e d .  T h is  h a s  t h e  
u n iq u e  a d v an tag e  t h a t  s t r a i n s  may be c o n v e r te d  d i r e c t l y  i n t o  s t r e s s e s .
M easurem ents a r e  c o n f in e d  to  th e  s u r f a c e  l a y e r s  a s  th e  X -ray  
p e n e t r a t i o n  i s  s m a l l .  Under i d e a l  c o n d i t i o n s  a  p r e c i s i o n  o f  
±1 , 5 0 0  p . s . i o - c a n  be o b t a i n e d ,  b u t  more u s u a l l y  *,4 j 500 p . s . i .
M oreover, m e ta l s  s u b j e c t e d  to  s e v e r e  c o ld  w o rk in g ?o r  w i th  l a r g e  g r a i n  
s i z e  o r  l a c k  o f  u n ifo rm  c o m p o s i t io n  cau se  t h e  a c c u ra c y  o f  m easurem ent 
to  be c o n s i d e r a b ly  r e d u c e d  ( 1 3 ) .  For th e  work i n  hand , t h e  p r e c i s i o n  
o f  m easurem ent r e q u i r e d  ( w i t h in  5%) t h e r e f o r e  r u l e d  o u t  th e  m ethod.
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2) B r i t t l e  L a c q u e r s ,
C e r t a in  com m ercial p r e p a r a t i o n s  a r e  a v a i l a b l e  f o r  c o a t in g  th e  
s u r f a c e  o f  a  spec im en . I f  c o n d i t i o n s  a r e  s u i t a b l e ,  a  g iv e n  
maximum p r i n c i p a l  s t r a i n  c a u s e s  c r a c k in g  a t  r i g h t  a n g le s  to  i t s  
d i r e c t i o n o  By v a r y in g  th e  c o m p o s it io n  o f  th e  l a c q u e r ,  a  ran g e  o f  
v a lu e s  o f  s t r a i n  can  be made to  p ro d u ce  c r a c k s .  The method i s  - 
t h e r e f o r e  v e ry  u s e f u l  f o r  d e te rm in in g  th e  d i r e c t i o n s  o f  p r i n c i p a l  
s t r a i n .  However, th o  a b s o l u te  v a lu e  o f  s t r a i n ,  e s t im a te d  f o r  
i n s t a n c e  by means o f  a  s t a n d a r d  t o s t  p i e c e  s i m i l a r l y  c o a te d ,  i s  
l i a b l e  t o  c o n s id e r a b le  e r r o r  due to  th e  many f a c t o r s  i n f l u e n c i n g  
th e  l a c q u e r .
I n  a  p a p e r  by D u r r e l l i  e t  a l  th e  a u th o r s  i s o l a t e  t h i r t y - f o u r  
v a r i a b l e s  ( 1 4 )° Such f a c t o r s  a s  age o f  c o a t in g ,  d i s t a n c e  o f  s p ra y  
gun from  specim en, h u m id i ty ,  t e m p e ra tu re  d u r in g  l o a d in g  and many 
o t h e r s  have a c o n s id e r a b le  e f f e c t  on th o  s e n s i t i v i t y  o f  any g iv e n  
g rad e  o f  l a c q u o r ,  so t h a t  an a b s o l u t e  a c c u ra c y  o f  £  20fo i s  d i f f i c u l t  
to  achieve®
3) G rid  Method
The s u r f a c e  o f  a specim en i s  made f l a t  and p o l i s h e d  and th e n  a 
g r i d  o f  f i n e  l i n e s ,  e q u a l ly  s p a c e d ,  i s  p r i n t e d  o r  m achined  on to  i t .  
S t r a i n s  i n  th e  specim en a r e  m easured  from  th e  change i n  l i n e  s p a c in g .
T h o  method h a s  been  u se d  s u c c e s s f u l l y  to  fo l lo w  c e r t a i n  fo rm in g  
o p e r a t i o n s  whero l a r g e  p l a s t i c  f lo w s  o c c u r  ( 1 5 ) ,  b u t  c a n n o t  bo u se d  
f o r  th o  problom  i n  hand b ecau se  o f  t h e  sm a ll  s t r a i n s  in v o lv e d .
4) M echan ica l E x te n s o m e te r s ®
By means o f  l o v e r s ?  such  o x te n s o m e te r s  have been  made to  g iv e
a h ig h  d e g re e  o f  s e n s i t i v i t y  and accuracy® Some a r e  made to  d e f l e c t
beams o f  l i g h t  w h i le  o t h e r s  u se  d i a l  gauges o r  e l e c t r i c a l  s t r a i n  
gauges t o  d e t e c t  th e  s t ra in ®
For s i n g l e  s t r a i n  m easurem ents th e y  a r e  o f t e n  i d e a l  in s t ru m e n ts ?  
b u t  f o r  a  l a r g e  number o f  s t r a i n s  to  be d e te rm in e d  s im u lta n e o u s ly ?  
a  p r o h i b i t i v e  number o f  such  e x te n s o m e te rs  would be requ ired®  
Moveover? t h e  gauge l e n g t h s  a r e  u s u a l l y  l a r g e  and would g iv e  o n ly  
th e  a v e ra g e  s t r a i n  o v e r  t h e s e  regions®
5) L u d e rs  L i n e s ®
These a p p e a r  a s  f i n e  s u r f a c e  m ark ings  on th e  p o l i s h e d  s u r f a c e s  
o f  c e r t a i n  s t e e l s  when s t r a i n e d  beyond th e  e l a s t i c  l im it®  They have 
been  shown to  bG a r e a s  o f  p l a s t i c  deform ation®
Dy means o f  F r^ s  e t c h in g  s o l u t i o n  (a  m ix tu re  o f  h y d r o c h lo r i c
a c id  and co p p er  c h l o r i d e )  th e  p l a s t i c a l l y  deform ed a r e a s  can  be 
made to  a p p e a r  d a rk  a g a i n s t  th e  l i g h t e r  background  o f  th e  undeform ed 
m e t a l . N adai ( 16) h a s  u se d  th e  m ark ings  to  show up r e g i o n s  o f  
p l a s t i c  f lo w  i n  a number o f  d i f f e r e n t  c o n f ig u ra t io n s®
The l i n e s  seem to  a p p e a r  o n ly  f o r  m a t e r i a l s  h a v in g  an u n s t a b l e  
r e g i o n  i n  t h e i r  s t r e s s - s t r a i n  curves®
6) A cid  R e a c t io n o
I t  was found  by W h ite ly  and H allim ond ( 1 7 ) t h a t  i f  i r o n  o r  
s t e e l  specim ens wore s u b j e c t e d  to  s t r a i n ,  th e y  r e a c t e d  w i th  n i t r i c  
a c i d  to  ovo lve  g a s o s ,  th e  q u a n t i t i e s  o f  w hich  v a r i e d  a c c o rd in g  to  th e  
amount o f  s t ra in ®  The method u se d  was to  c u t  th o  specim en, a f t e r  
s t r a i n i n g ,  i n t o  sm a ll  p i e c e s 5 d i s s o l v e  i t  i n  n i t r i c  a c i d  and m easure  
th e  q u a n t i t i e s  o f  n i t r o u s  o x id e ,  n i t r i c  o x id e ,  ammonia, and n i t r o g e n  
t h a t  wore evolved® They found  t h a t  th e  sum o f  th e  volum es o f  
ammonia and n i t r o g e n  w ere most s e n s i t i v e  to  s t ra in ®  A s t r a i n  o f  
Vfo c o u ld  be d e t e c t e d  by t h i s  means, b u t  th e  method was o n ly  s u i t a b l e  
f o r  m ea su r in g  perm anen t set®
7) H ardness  C hanges®
Change in  h a rd n e s s  w i th  s t r a i n  has  been d e t e c t e d  i n  m e ta l s ,  
b u t  f o r  sm a ll  p l a s t i c  s t r a i n s  t h e  s u r f a c e  n eed s  to  be p o l i s h e d  and 
th e  m e ta l  i n  an a n n e a le d  s t a t e  ( 1 8 X20), E x p er im en ts  w i th  a  w rought 
a lum inium  a l l o y  and a  b a r  o f  m ild  s t e e l  (n o t  a n n e a le d )  showed t h a t  
when s u b j e c t e d  to  a perm anen t s t r a i n  o f  1%,any change i n  h a rd n e s s  
was no more th a n  th e  a v e ra g e  s c a t t e r  t h a t  o c c u r re d  when t e s t i n g  
d i f f e r e n t  p a r t s  o f  t h e  same specimen®
8) I n t e r f e r e n c e  betw eon S u r f a c e  and a  G lass  P l a t e ®
The method h a s  been  u se d  by F r o c h t  to  s t \ id y  a  s t a i n l e s s  s t o o l
\
r i n g  s u b j e c t e d  to  a c o n c e n t r a t e d  d ia m e t r a l  lo a d  (19  )* Gno s id e  o f  
th e  r i n g  was made o p t i c a l l y  f l a t  and a g l a s s  p r ism  p la c e d  i n  c o n ta c t
w ith  t h i s  s u r f a c e .  M onochromatic l i g h t  was c o l l i m a te d  and th e n  
d i r e c t e d  th ro u g h  th e  p r ism ,  o p t i c a l  i n t e r f e r e n c e  t a k i n g  p la c e  
between th e  m e ta l  s u r f a c e  and t h e  lo w er p r ism  f a c e .  L oad ing  th e  
specim en i n  a  p la n e  p a r a l l e l  to  t h e  s u r f a c e  c au se d  t h i c k n e s s  changes
i n  th e  specim en i n  p r o p o r t i o n  to  th o  sum o f  t h e  p r i n c i p a l  s t r e s s e s  i n
%
th e  p la n e .  The chang es  o f  t h i c k n e s s  were o b se rv o d  a s  c o n to u r s  o f  
d i f f o r i n g  i n t e r f e r e n c e  o r d e r s .
Tho method i s  v o ry  s e n s i t i v e  to  t h i c k n e s s  c h an g e s ,  b u t  r e q u i r e s  
th e  specim en s u r f a c e  to  be v e r y  a c c u r a t e l y  f l a t .  Any t w i s t i n g  o r  
b en d in g  t h a t  o c c u r r e d  on l o a d in g  a  specim en would c au se  c o n s id e r a b le  
d e t e r i o r a t i o n  o f  t h e  p a t t e r n  and t h i s  r u l e d  o u t  th e  method f o r  th e  
p r e s e n t  work w i th  a t h i n  p l a t e  u n d e r  t e n s i o n .
9) G rain  s i z e  change s .
When s t r a i n e d  m ild  s t e e l s  a r e  a n n e a le d  w i t h in  s u i t a b l e  l i m i t s  o f  
t e m p e ra tu re ,  th e  g row th  o f  c e r t a i n  g r a i n s  o c c u rs  a t  t h e  expense  o f  
o t h e r s  § C. C h appell  (2 0 ) s u g g e s te d  t h a t  th e s e  gave th e  l i n e s  o f  
p l a s t i c  f lo w . However T u rn er  ewid Jevo ns  ( 2 1 ) have shown t h a t  
d e fo rm a tio n  wedges r e a c h  c o n s id e r a b ly  f u r t h e r  th a n  th e  r e c r y s t a l l i s e d  
a r e a  o f  abnorm al g r a i n  g row th .
10) R e s i s t a n c e  C hanges.
An i n v e s t i g a t i o n  by J . D i v i s  ( 22 ) s e t  o u t  to  t e s t  t h e  p r a c t i c a l  
u t i l i t y  o f  t h e  p r e v io u s  d i s c o v e r y  by M. Hoore t h a t  t e n s i l e  s t r e s s
2 3 -
and r e s i s t a n c e  a r e  i n t i m a t e l y  connected® I t  was found  t h a t  
r e s i s t a n c e  i n c r e a s e d  w i th  s t r e s s  a lm o s t  i n  e x a c t  p r o p o r t i o n  up to  
th e  b r e a k in g  point® However? s t r e s s  m easurem ent i n  s t r u c t u r e s  by 
n o t i n g  th e  v a r i a t i o n s  o f  r e s i s t a n c e  was im p r a c t i c a b le ?  th e  c ro s s -  • 
s e c t i o n  o f  th e  members b e in g  to o  l a r g e  to  cau se  a p p r e c i a b l e  
d i f f e r e n c e  i n  r e s i s ta n c e ®
F u r t h e r  d i f f i c u l t i e s  a r e  th e  i r r e g u l a r i t i e s  o f  s u r f a c e  c a u s in g  
th i c k n e s s  changes  and c o n ta c t  v a r i a t i o n s  f o r  a  moving probe®
11) M agnetic  C h anges®
Changes i n  t h e  p e r m e a b i l i t y  o f  v a r i o u s  s t e e l s  w ere  i n v e s t i g a t e d  
by Sm ith and Sherman J r*  ( 2 3 )® The com pensated  permeammeter a s  
d e s ig n e d  by Burrows ( 2 4 ) was u s e d  i n  t h e s e  te s ts ®  Curves o f  
i n d u c t i o n  *\r, a p p l i e d  f i e l d  w ere  p l o t t e d  f o r  0? 500 K®G®? 1000 K®G® lo a d s  
on f-sq.cm* m ild  s t e e l  and th e  r e s u l t s  showed v a r i a t i o n s  i n  th e  c u rv e s  
w i th  s t re s s®  However c o n s i d e r a b le  d i f f e r e n c e  i n  s e n s i t i v i t y  betw een  
c o m p re ss io n  and t e n s i o n  o c c u r r e d  and i n  some c a s e s  a  " r e v e r s a l  o f  
e f f e c t  w i th  i n c r e a s i n g  load®
12) M o ta l lo g ra p h ic  M e th o d s®
Numerous w o rk e rs  have  o b se rv e d  u n d e r  th e  m ic ro sco p e  th e  s l i p  
bands w hich  a r e  p ro d u ced  i n  i n d i v i d u a l  g ra in s ?  th e  e lo n g a t i o n  o f  
o q u iax e d  g r a in s ?  th o  b r e a k in g  o f  l a r g e  c r y s t a l s  i n t o  s m a l l e r  g r a i n s  
and th e  r u p t u r e  o f  g r a i n  b o u n d a r ie s?  a l l  o f  w hich  o c c u r  a t  t im e s  i n
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s t r a i n e d  m e ta l s .  T u rn e r  and Jev o n s  ( 2 l )  a t te m p te d  to  c o r r e l a t e  
t h e  m agnitude  o f  d e fo rm a tio n  w i th  th e  m ic r o s c o p ic a l  ch anges  i n  
s t r u c t u r e  v i s i b l e  on p o l i s h e d  and e tc h e d  specimens® They found  
t h a t  v e r y  s e v e re  s t r a i n i n g  was e a s i l y  r e c o g n i s e d  by t h e s e  means, 
b u t  t h a t  sm a ll  perm anen t s t r a i n  was n o t  r o a d i l y  de tected®
13) E l e c t r i c a l  R e s i s t a n c e  S t r a i n  Gauges
These a r e  now w id e ly  u se d  a s  a means o f  s t r a i n  m easurem ent, 
b e in g  s im p le  to  a p p ly ,  h a v in g  n e g l i g i b l e  r e a c t i o n  on specim ens and 
c a p a b le  o f  good accuracy®
The gauges a r e  u s u a l l y  made i n  t h e  form o f  a  g r i d  o f  f i n e  w ire  
a f f i x e d  to  a  p a p e r  o r  p l a s t i c  base® The w ire  i s  m a n u fa c tu red  f r e e  
from s t r a i n  h y s t e r e s i s  e f f e c t s  and th e  o p e r a t in g  p o r t i o n  o f  th e  
gauge can  be k e p t  down to  ■§■" x (or l e s s )  though  u s u a l l y  larger®
The gauge b ase  i s  a t t a c h e d  to  th o  specim en s u r f a c e  and s t r a i n s  
on l o a d in g  a r e  t r a n s m i t t e d  to  th e  w ire  g r i d  c a u s in g  a  r e s i s t a n c e  
change® A W hea ts tone  b r id g e  i s  u se d  w i th  th e  a c t i v e  gauge i n  one 
arm and a dummy i n  th e  o p p o s i t e  arm to  m in im ise  te m p e ra tu re  d r i f t®  
P r o v id in g  th e  gauge can be c a l i b r a t e d  in  p o s i t i o n ,  g r e a t  
a c c u ra c y  can  be o b t a in e d  i n  d e te r m in in g  s t r a i n s  from th e  r e s i s t a n c e  
ch an g e s ,  up to  th o  p o i n t  a t  w hich  th o  gauge b a se  s t a r t s  to  yield® 
Gauges p r e p a re d  w i th  p l a s t i c  b a s e s  may be r e l i a b l e  up to  2% s tra in ®  
The a c c u ra c y  o f  a  gauge i s  l i m i t e d  when no means o f  c a l i b r a t i o n  
i s  p o s s i b l e ,  a s  b a to h o s  o f  a p p a r e n t l y  i d e n t i c a l  gauges  g lu e d  u n d e r
i d e n t i c a l  c o n d i t i o n s  a r e  found  to  v a r y  i n  s e n s i t i v i t y  by s e v e r a l  
p e r  c e n t .  M oreover r e a d i n g s  o b ta in e d  g iv e  th o  a v e ra g e  s t r a i n  
o v e r  th e  a r e a  o f  th e  gauge i n  t h e  d i r e c t i o n  o f  th e  gauge l e n g t h  
(v /ith  a  sm a ll  e f f e c t  f o r  c r o s s  s t r a i n s )  and t h i s  can  be c o n s id e r a b ly  
below th e  peak  s t r a i n  where t h e  r a t e  o f  change o f  s t r a i n  i s  h ig h .
M easurem ents i n  t h e  p l a s t i c  r e g io n  r e q u i r e  a  p r i o r  knowledge 
o f  th o  d i r e c t i o n s  o f  p r i n c i p a l  s t r a i n s ,  s i n c e  th e  l a t t e r  c a n n o t  be 
computed from  an a r r a y  o f  g aug es  a s  i n  e l a s t i c  r e g i o n s .
14) A dhesion  o f  a  P h o t o e l a s t i o  L a y e r .
M esnager (2 5 ) s u g g e s te d  i n  1930 t h a t  th e  method o f  
p h o t o e l a s t i c i t y  c o u ld  be a p p l i e d  t o  m ea su r in g  s t r a i n s  i n  m e ta l  i f  a
b i r e f i ' i n g e n t  l a y o r  was bonded on to  th e  p o l i s h e d  s u r f a c e  o f  th e  m e ta l .
By u s i n g  a  r e f l e c t i o n  p o l a r i s c o p e  a s t r a i n  p a t t e r n  would be o b se rv e d  
i n  th e  l a y o r  on s u b j e c t i n g  th e  m e ta l  to  s t r e s s .  He a p p l i e d  th e  
method to  m e ta l s  w i t h i n  t h e i r  e l a s t i c  ra n g e  b u t  mot w i th  o n ly
m od era te  success? due to  th o  d i f f i c u l t i e s  o f  bond ing  and th e  low
o p t i c a l  s e n s i t i v i t y  o f  th e  a v a i l a b l e  m a t e r i a l s .
More r e c e n t l y  a  s e r i e s  o f  e x p e r im e n ts  w ere  c a r r i e d  o u t  by 
L inge  (26) u s in g  v a r i o u s  a d h e s iv e s  and p l a s t i c s  and p ro d u c in g  
s t r a i n s  beyond t h e  e l a s t i c  l i m i t  o f  th e  m e ta l .
W ith th e  i n t r o d u c t i o n  o f  epoxy r e s i n s ,  a d h e s io n  t o  m e ta l s
h a s  become much l e s s  fo rm id a b le  (2 7 ) and some o f  t h e s e  r e s i n s  a ro  
more o p t i o a l l y  s e n s i t i v e  th a n  p r e v i o u s ly  known p l a s t i c s .  These f a c t o r s  
would e n a b le  more e x t e n s i v e  and a c c u r a t e  m easurem ents t o  be made *
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The method a p p e a re d  to  he th e  most p ro m is in g  f o r  th e  
m easurem ents t h a t  w ere r e q u i r e d .  I t s  a d v a n ta g e s ,  d i f f i c u l t i e s ,  
and l i m i t a t i o n s  were i n v e s t i g a t e d  and a  s e r i e s  o f  e x p e r im e n ts  
commenced® The n e x t  c h a p te r  d e a l s  more f u l l y  w i th  th e  method 
and i t s  r e l a t i o n  to  norm al p h o t o e l a s t i c  work®
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S E C T I O N  I I B
THE BONDED PHOTOELASTIC LAYER.
OUTLINE OE PHOTOELASTICITY
S t r e s s  a n a l y s i s  i n  th e  e l a s t i c  ran g e  by  means o f  p h o t o e l a s t i o
m odels i s  now w e l l  known® The method e n a b le s  a com plete  e v a l u a t i o n
o f  s t r e s s e s  and s t r a i n s  i n  tw o -d im e n s io n a l  work and has  been  e x te n d ed  
t o  t h r e e - d im e n s io n a l  p rob lem s by th e  use  o f  f r o z e n  s t r e s s  te c h n iq u e  
and sec tio n ing ®
A t y p i c a l  a p p a r a tu s  f o r  t h e  o b s e r v a t io n  and m easurem ent o f  s t r a i n  
i n  two d im en sio n s  i s  i l l u s t r a t e d  i n  f ig *  4 *
f  CalUcfotf) WnS
I f  th e  p o l a r i s e r  i s  s e t  to  t r a n s m i t  h o r i z o n t a l l y  p o l a r i s e d  
l i g h t  and th e  a n a l y s e r  t o  r e c e i v e  l i g h t  v e r t i c a l l y  p o la r i s e d ? ,  no 
l i g h t  r e a c h e s  th e  s c r e e n  w h i le  th e  model rem a in s  s t r e s s ,  f r e e .  As th e  
model i s  lo a d e d  th e  p la n e  o f  p o l a r i s a t i o n  o f  th e  l i g h t  p a s s in g  th ro u g h
/  trr*
T ra n sm is s io n  P o la r i s c o p e  
EIGo4®
any p o i n t  i s  r o t a t e d  by  an a n g le  p r o p o r t i o n a l  to  th e  d i f f e r e n c e  o f  
th e  p r i n c i p a l  s t r e s s e s  (p  -  q) a t  th e  p o i n t ,  and to  th e  t h ic k n e s s  
o f  th e  model® When th e  p la n e  o f  p o l a r i s a t i o n  becomes v e r t i c a l ,  th e  
a n a l y s e r  t r a n s m i t s  a maximum amount o f  l i g h t  and t h i s  p a r t  o f  th e  
image a p p e a rs  b righ t®
As lo a d in g  c o n t in u e s , ,  th e  p la n e  o f  p o l a r i s a t i o n  becomes h o r i ­
z o n ta l  when a g a i n 'n o  l i g h t  i s  p a s se d  by th e  analyser®  F u r t h e r  
l o a d in g  p ro d u ce s  l i g h t  and d a rk  a l t e r n a t e ly ®  The number o f  d a r k -  
l i g h t - d a r k  c y c le s  ( i s o c h r o m a t i c  f r i n g e  number) i s  a m easure o f  th e  
r o t a t i o n  t h a t  has  o c c u r re d  and th u s  o f  th e  d i f f e r e n c e  o f  th e  p r i n c i ­
p a l  s t r e s s e s ®  The image o f  th e  specim en a p p e a rs  a s  a c o n to u r  map and 
f o r  each  c o n to u r  p -  q a  a  constan t®  U sing  a s t a n d a r d  t e s t  p i e c e ,  
th e  s e n s i t i v i t y o f  th e  m a t e r i a l  i n  number o f  f r i n g e s  p e r  u n i t  s t r e s s  
(and  t h i c k n e s s )  can  be d e te rm in e d  and from  t h i s  t h e  v a lu e  of th e  
c o n s ta n t  i s  o b ta in ed *
At f r e e  b o u n d a r ie s  i n  a ( t h i n )  m odel, o n ly  one p r i n c i p a l  s t r e s s  
e x i s t s , ,  p sa y ,  so q s  o and th e  f r i n g e  v a lu e  a t  a  boundary  g iv e s  n o t  
o n ly  p -  q b u t  p+-q® For m a t e r i a l s  h a v in g  l i n e a r  s t r e s s - s t r a i n  
r e l a t i o n s ,  th e  oum o f th e  p r i n c i p a l  s t r e s s e s ,  p f  q ,c a n  be shown to  
obey L a p la c e ’ s e q u a t io n  f o r  two dimensions®
T h is  e n a b le s  a  n u m e r ic a l  a v e r a g in g  p r o c e s s  t o  be u se d  to  d e te rm in e
O
P4- q a t  a l l  i n t e r i o r  p o i n t s  once tho  v a lu e s  on th e  bo und ary  a re  
known.
Combining th e  v a lu e s  o b ta in e d  f o r  p -  q and p±*q, th e  i n d i v i d u a l  
p r i n c i p a l  s t r e s s e s  a r e  o b ta in e d .
The d i r e c t i o n s  o f  t h e s e  p r i n c i p a l  s t r e s s e s  may be fou nd  by 
u s in g  a w h i te  l i g h t  so u rc e  and r o t a t i n g  a n a l y s e r  and p o l a r i s e r  t o ­
g e t h e r ,  The l i g h t  and d a rk  p a t t e r n s  o c c u r r in g  p r e v i o u s ly  w i th  
m onochrom atic  l i g h t  now a p p e a r  a s  a  p a t t e r n ,  o f  c o lo u r  c h an g es , and 
d a rk n e s s  i s  o n ly  o b se rv e d  ( e x c e p t  f o r  an i s o t r o p i c  p o i n t  where p -  qso) 
a t  p o i n t s  where one o f  th e  p r i n c i p a l  s t r e s s e s  l i e s  p a r a l l e l  t o  th e  
a x i s  o f  p o l a r i s a t i o n  o f  t h e  a n a l y s e r  or p o l a r i s e r .  The lo c u s  o f  such  
p o i n t s  i s  an  i s o c l i n i c .  S in c e  p r i n c i p a l  s t r e s s e s  a t  any p o i n t  a r e  
a lw ays a t  r i g h t  a n g le s  to  e ac h  o t h e r ,  i t  i s  o n ly  n e c e s s a r y  t o  o b se rv e  
th e  d i r e c t i o n  o f  one o f  t h e s e s  t h i s  oan be done by  r o t a t i n g  th e  
a n a l y s e r  and p o l a r i s e r  t o g e t h e r  u n t i l  th e  r e q u i r e d  p o i n t  i s  i n  dark«* 
n e s s r  th e n  r e a d in g  o f f  t h e  a n a l y s e r  ( o r  p o l a r i s e r )  d i r e c t i o n .
When u s in g  m onochrom atic  l i g h t  to  p roduce  th e  i s o c h r o m a t ic  f r i n g e s ,  
th e  r e g io n s  h a v in g  p r i n c i p a l  s t r e s s e s  p a r a l l e l  t o  p o l a r i s e r  and 
a n a l y s e r  a g a in  a p p e a r  d a rk  and o b sc u re  th e  i s o c h ro m a t ic  f r i n g e s .  These 
d a rk  r e g io n s  ( i s o c l i n i o s )  may be removed by th e  use  o f  two q u a r t e r -  
wave p l a t e s ,  one e i t h e r  s id e  o f  th e  specimen® The f i r s t  i s  a r r a n g e d  
t o  c o n v e r t  th e  p la n e  p o l a r i s e d  l i g h t  to  c i r c u l a r l y  p o l a r i s e d ,  and 
th e  second  to  c o n v e r t  baok  to  p la n e  p o l a r i s e d  l i g h t  a f to . r  p a s s in g  
th ro u g h  th e  modol.
MODIFICATIONS NECESSARY WITH A BONDED LAYER
L ig h t  p a s s in g  th ro u g h  th o  p h o t o e l a s t i o  l a y e r  i s  now r e f l e c t e d  
a t  th o  m o ta l  s u r f a c e  and th e  t r a n s m is s io n  p o la r i s c o p o  must be 
r e p l a c e d  by  a r e f l e c t i o n  sy s te m . A t y p i c a l  a rra n g em e n t i s  shown in  
f i g -  5*
ii
L ig h t  from  th e  morcui'y lamp M i s  c o l l im a te d  by th e  co n d en se r  
Io n s  L, p a s se d  th ro u g h  th e  f i l t e r  F , th ro u g h  th e  p o l a r i s e r  P and i& 
th o n  r e f l e c t e d  downwards by a  s e m i - s i l v e r e d  m ir ro r*  Tho r a y s  p a s s  
th ro u g h  th e  p h o t o o l a s t i c  l a y e r  t o  th e  s u r f a c e  o f  th o  specim en and a re
th o n  r e f l e c t e d  upwards th ro u g h  th e  s e m i - s i l v e r e d  m i r r o r ,  th ro u g h  th e  
a n a l y s e r  A to  tho  cam era len s*  The r a y s  fo rm in g  th e  image o f  th e  
specim en a re  th e n  b ro u g h t  t o  fo c u s  on th e  p h o to g ra p h ic  film®
E x tr a  l i g h t  l o s s e s  now o c c u r ,  due m a in ly  to  th e  s e m i - s i l v e r e d  
m i r r o r  and tho  r e f l e c t i o n  a t  th e  m e ta l  surface®  T h ese , t o g e t h e r  w i th  
th e  a b s o r p t io n  on p a s s i n g  th ro u g h  th e  p o l a r o i d s  and f i l t e r ,  make a 
h ig h  so u rce  b r i g h t n e s s  e s s e n t i a l .  A  h ig h  p r e s s u r e  m ercu ry  a r c  was 
u se d  i n  th e  p r e s e n t  work, w i th  th e  lamp house a p e r t u r e  c o n s id e r a b ly  
l a r g e r  th a n  th e  a r c  d im e n s io n s ,  i n  o r d e r  t o  g e t  a maximum amount o f  
l i g h t  t o  th e  c o n d en se r  l e n s .  The o p t i c a l ■system  i s  d e s c r ib e d  more 
f u l l y  i n  S e c t io n  I I I ,  p ,  4 7 ®
The r a y s  p a s s  th ro u g h  th e  l a y e r  tw ic e ,  th u s  th e  f r i n g e  s e n s i t i v i t y  
f o r  a g iv e n  s t r e s s  i n  th e  l a y e r  and f o r  a  g ivon  t h i c k n e s s ,  i s  tw ice  
t h a t  f o r  a t r a n s m i s s io n  p o l a r i s c o p e .
The method o f o b t a i n i n g  p to  q by n u m e r ic a l  a v e r a g in g  i s  no lo n g e r  
v a l i d  i n  r e g io n s  where p l a s t i c  f lo w  o c c u rs  in  th e  m e ta l  ( s e e  "L im ita ­
t i o n s  and R eq u irem en ts  f o r  A ccu racy 11 p .  37 )0 Thus some o t h e r  method 
i s  r e q u i r e d  b e fo r e  th e  i n d i v i d u a l  s t r a i n s  can be d e te rm in e d .
PUBLISHED WORK ON THE LAYER.
S in c e  Mesnagex's o r i g i n a l  s u g g e s t io n  of a  bonded l a y e r  ( 25  ) 
few p u b l i s h e d  works on th e  method have a p p e a re d .
L inge ( 26 ) c a r r i e d  ou t an  i n v e s t i g a t i o n  a t  C r a n f i e ld  C o lle g e  
o f  A e ro n a u t ic s  i n  1951 and a r e p o r t  was p u b l i s h e d  i n  F e b r u a r y ?:1956® 
The work was m a in ly  c o n ce rn e d  w i th  t e c h n iq u e s  d e v e lo p ed  f o r  
u s in g  bonded l a y e r s  on m e ta l .  A number o f  p h o t o e l a s t i c  m a t e r i a l s  
wei*e t r i e d f  th e s e  were C a t a l i n  800, CR 39 and Marco R e s in s  SB26C 
and SB 28C® Specim ens o f  l i g h t  a l l o y , , magnesium, and m ild  s t e e l  
were used®
P h o to g ra p h s  were g iv e n  o f  p l a s t i c  d e fo rm a t io n  f o r  a  t a p e r e d  
t e n s i l e  specim en a t  v a r i o u s  l o a d s ,  f o r  two lu g s  u n d e r  lo a d  and f o r  
h o l e s  i n  f l a t  bars® S t r e s s  c o n c e n t r a t i o n s  ha-ve been p l o t t e d  i n  te rm s  
o f  f r i n g e  number and a l s o  i n  p o u n d s/sq .inch®  P re sum ab ly , th e  
i n d i v i d u a l  s t r a i n s  were c a l c u l a t e d  by th e  p r o c e s s  o f  n u m e r ic a l  
a v e r a g in g ,  and th e n  c o n v e r te d  t o  s t r e s s e s  u s in g  th e  t e n s i l e  s t r e s s -  
s t r a i n  cu rve  o f  th e  metal® T h is  method o f  c a l c u l a t i n g  th e  i n d i v i d ­
u a l  s t r a i n s  i s  i n a c c u r a t e  i n  r e g io n s  o f  p l a s t i c i t y  ( s e e  p . 3 7  ) *
A number o f  g lu e s  were i n v e s t i g a t e d ,  A r a l d i t e  101 w i th  h a rd e n e r  
951 b e in g  found  th e  most s u i t a b l e ,  i n  c o n ju n c t io n  w i t h  s a n d b l a s t i n g  
th e  m e ta l  s u r f a c e  and d e g r e a s in g  c a re fu l ly ®
( I n  th e  p r e s e n t  work i t  was found  n e c e s s a ry  t o  h e a t  th e  A r a l d i t e
101 i n  o rd e r  t o  o b t a i n  com ple te  c u r i n g ,  ^ T h i s  r e s u l t e d  in  c o n t r a c t i o n  
s t r e s s e s  on c o a l in g . )
The e f f e c t s  a t  th e  l a y e r  boundary  were n o t  c o n s id e r e d  ( s e e  p . 3 5 )
and no m en tion  was made o f  th e  e f f e c t s  due to  P o is so n * s  r a t i o
d i f f e r i n g  f o r  l a y e r  and m e ta l  ( s e e  p ,  39 )«
D a g o s t in o  e t  a l  ( 2 9 ) have g iv e n  an a cco u n t  o f  th e  s u r f a c e  
p r e p a r a t i o n  o f  a lum inium  a l l o y s  f o r  b o n d in g ,  and th e  use  o f  epoxy 
r e s i n s  f o r  p h o t o e l a s t i o  l a y e r s .
Two ty p e s  o f  p ro c e d u re  were e x p lo r e d .  In  th e  f i r s t ,  th e  e n t i r e  
a ssem b ly  o f  m e ta l  and p l a s t i c  was h e a te d  t o  ab o u t 100°C® t o  o b t a i n  a 
low e l a s t i c  modulus from  th e  p l a s t i c *  Some l a c k  o f  l i n e a r i t y  be tw een  
s t r a i n  and b i r e f r i n g e n c e  o ccu rred*  The second p ro c e d u re  was t o  use  
a f l e x i b l e  p l a s t i c  w hich  c o u ld  fo l lo w  l a r g e  s t r a i n s  a t  room tem p era ­
t u r e  *
S u r fa c e  p r e p a r a t i o n  of th e  a lum inium  was g iv e n  a s s -
A) S u r fa c e  sc o u re d  w i th  0 g rad e  emery u n t i l  sm ooth.
B) Immersed 3 5 m in u te s  i n  d e te r g e n t  s o l u t i o n ,  be tw een  160-180 F
and r i n s e d  in  o o ld  w a te r .  Then immersed' i n  a  chrom ic a c id  b a t h  
( 5% chrom ic a c i d  i n  w a te r )  f o r  1 -3  m in u te s  a t  140  -  160°F . r i n s e d  
in  c o ld  w a te r  and d r i e d  i n  an  a i r  b l a s t .
The v e ry  v i s c o u s  ty p e  epoxy r e s i n  a d h e s iv e s  (oom parab le  t o
“34“
A ra ld i t©  1 0 l)  wore found  t o  bo th e  most s u c c e s s f u l !  a method o f  
m ix in g  r e s i n  and h a rd e n e r  i s  g iv e n  t h a t  a v o id s  th e  i n t r o d u c t i o n  o f  
a i r  b u b b le s  by  means o f  a r u b b e r  s a c k ,  i n s e r t i n g  th e  h a rd e n e r  w i th  
a  hypoderm ic s y r in g e .
P h o to g ra p h s  a re  g iv e n  i l l u s t r a t i n g  p a t t e r n s  o b ta in e d  f o r  n o tc h e d  
b a r s ,  and th e  a u th o r s  p o i n t  ou t th e  need f o r  c a u t io n  in  i n t e r p r e t i n g  
s t r a i n  a t  th e  edges o f  th e  l a y e r .  No a t te m p t  i s  made to  d e te rm in e  
s t r a i n s  from  th e  p h o to g ra p h s  o r  t o  a n a ly s e  th e  e f f e c t s  a t  th e  l a y e r  
e d g e .
The method o f  h e a t i n g  th e  whole assem bly  to  100°C. a p p ea re d  to  be 
a c o n s id e r a b le  u n d e r t a k in g  f o r  th e  l a r g e  s i z e  o f  specim en r e q u i r e d  in  
th e  p r e s e n t  work. The s u r f a c e  p r e p a r a t i o n  d e s c r ib e d  above has b een  
found  t o  work w e l l ,  b u t  th e  p h o to g ra p h s  shown o f  t e s t s  a t  room tem pera ­
t u r e  have l a r g e  i n i t i a l  s t r e s s e s ,  s u g g e s t in g  t h a t  th e  a u th o r s  found  i t  
n e c e s s a r y  t o  bond a t  an e l e v a t e d  t e m p e r a tu r e .
LIMITATIONS AID REQUIREMENTS FOR ACCURACY 
The two c h i e f  l i m i t a t i o n s  o f  th e  bonded l a y e r  a r e  i t s  r e s t r a i n i n g  
in f lu e n c e  on th e  m e ta l  and th e  e f f e c t s  a t  th e  l a y e r  e d g e .  Both o f  
th e s e  r e s u l t  from  th e  t h i c k n e s s  o f  th e  l a y e r  u sed  i n  o r d e r  t o  o b t a i n  
ad e q u a te  s e n s i t i v i t y .
The r e s t r a i n t  can  be k e p t  low by means o f  a low t e n s i l e  modulus*
f o r  th e  l a y e r  and by  k e e p in g  th e  t h i c k n e s s  below  t h a t  o f  th e  m e ta l .
W ith A r a l d i t e  u sed  f o r  th e  l a y e r ,  th e  e l a s t i o  modulus i s  abou t 4%  o f  
t h a t  o f  th e  alum iniuim  a l l o y  and changes th e  s t r e s s - s t r a i n  cu rve  o f  th e  
a l l o y  from  (a )  i n  F i g . 6 f o r  th e  a l l o y  a lo n e ,  t o  (b )  f o r  a l l o y  p lu s  
A r a l d i t e .  (The c a se  f o r  e q u a l  t h i c k n e s s  i s  shown®) I f  th e  s t r e s s  
s c a l e  i s  red u c ed  by 4% cu rv e  (c )  i s  o b ta in e d ,  i . e .  by  a l lo w in g  f o r  th e  
p o r t i o n  o f  th e  t o t a l  t e n s i o n  ta k e n  by th e  A ra ld i te , ,  The r e s t r a i n i n g  
in f lu e n o e  i s  t h u s  o f  no ao co u n t i n  e l a s t i c  r e g i o n s ,  b e in g  s im p ly  e q u iv a  
l e n t  t o  a s m a l l e r  a p p l i e d  t e n s i o n  ( e x c e p t  f o r  v e ry  sm a ll  e f f e c t s ,  due 
t o  P o i s s o n 1s r a t i o  d i f f e r i n g  f o r  A r a l d i t e  and a l l o y . )  In  th e  p l a s t i c  
r e g io n ,  th e  s lo p e  i s  r a i s e d  above t h a t  o f  th e  m e ta l  a lo n e  by an  amount 
e q u a l  t o  th e  modulus o f  th e  A r a l d i t e .
The e f f e c t s  a t  th e  edges  o f  th e  l a y e r  a re  s i m p l i f i e d  where th e  
b o u n d a r ie s  o f th e  l a y e r  and m e ta l  a re  i d e n t i c a l .  C o n s id e r ,  f o r  example 
a  r e c t a n g u l a r  m e ta l  p l a t e  u n d e r  t e n s io n , ,  w i th  a bonded l a y e r  and 
common c e n t r a l  h o le  ( f i g .  7 ) .
GfcwtVcJ Keif
In  any e l a s t i c  e x te n s io n ,  th e  s t r a i n s  o f  l a y e r  and m e ta l  a r e  
i d e n t i c a l  a t  a l l  i n t e r i o r  p o i n t s  and a t  th e  boundary  o f  th e  h o le  
( e x c e p t  f o r  a sm a ll  P o i s s o n 's  r a t i o  e f f e c t ) .
W ith i n c r e a s i n g  t e n s i o n ,  r e g io n s  occu r  (commencing a t  th e  
boun dary  o f  th e  h o le )  where th e  m e ta l  i s  beyond i t s  y i e l d  p o i n t .
These i n e l a s t i c  s t r a i n s  i n  th e  m e ta l  t r y  t o  make th e  l a y e r  f o l lo w  them 
by f o r c e s  a c r o s s  th e  g lu e  l i n o .  The low er s u r f a c e  o f  th e  l a y e r  w i l l  
f o l lo w  th e  m e ta l  s t r a i n s  c o m p le te ly .  However, th e  u p p e r  s u r f a c e  o f  
th e  l a y e r  w i l l  n o t  fo l lo w  th e  i n e l a s t i c  m e ta l  s t r a i n s  u n le s s  sub­
j e c t e d  to  f o r c e s  in  i t s  own p l a n e .
F ig .  8 ( a )  i l l u s t r a t e s  a  sm a ll  e lem en t o f  th e  l a y e r  s u b j e c t e d  to  
f o r c e s  from  th e  s u r ro u n d in g  m a t e r i a l  which e n a b le  th e  l a y e r  to  fo l lo w  
th e  i n e l a s t i c  s t r a i n s  o f  th e  m e ta l  ( p r o v id in g  th e  s t r a i n  does n o t  
change to o  q u ic k ly  a lo n g  th e  specimen)®
F ig .  8 (b ) shows a sm a ll  e lem en t c lo s e  t o  a boun dary  (where 
c o n t r a c t i o n  s t r a i n s  may o c cu r  up t o  h a l f  th e  s t r a i n  v a lu e  a lo n g  th e
boundary)® No f o r c e s  a c t  h o r i z o n t a l l y  a c r o s s  th e  boundary  on th e  
u p p e r  s u r f a c e  o f  th e  l a y e r  and th e  i n e l a s t i c  m e ta l  s t r a i n g a r e  t h e r e -  
f o r e  n o t  t r a n s m i t t e d  c o m p le te ly  th ro u g h  th e  layer®
(a )  An I n t e r i o r  R egion  (b )  At a Boundary®
FIG. 8 .
The i n e q u a l i t y  between, s t r a i n s  in th e  l a y e r  and m e ta l  can  be re d u c e d  
by h a v in g  th e  specim en and c u to u t s  l a r g e  compared w i th  th e  l a y e r  t h i c k ­
n e s s .
F u r t h e r  r e q u i r e m e n ts  f o r  a c c u ra c y  a r e s
1) A s t r o n g  u n ifo rm  a d h e s io n  betw een  th e  p h o t o e l a s t i c  l a y e r  and th e  
m e ta l  a t  a l l  p o i n t s  o f  t h e i r  common surface®
2) A u n ifo rm  t h i c k n e s s  f o r  th e  l a y e r  ( o r  v a r i a t i o n s  t h a t  a re  sm a ll  
and m easured  X
3) A lo n g  l i n e a r  f r i n g e - s t r a i n  cu rve  f o r  th e  m a t e r i a l  o f  th e  l a y e r ,
4) Some method o t h e r  th a n  n u m e r ic a l  a v e ra g in g  must be u sed  i n  
o r d e r  t o  s e p a r a t e  th e  p r i n c i p a l  s t r a i n s ,  s i n c e ,  a s  shown below , th e  
sum o f  th e  p r i n c i p a l  s t r e s s e s  in  th e  l a y e r  i n  r o g io n s  whore th e  m e ta l  
f lo w s  p l a s t i c a l l y ,  no lo n g e r  s a t i s f i e s  L a p la c e ’ s e q u a t io n  i n  two 
d im e n s io n s .
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The l a y e r  d e r i v e s  a l l  i t s  s t r e s s e s  and s t r a i n s  i n i t i a l l y  from  
i t s  low er s u r f a c e  i n  c o n ta c t  w i th  th e  m etal,?  so th r e e - d im e n s io n a l  
f o r c e s  a c t  on th e  l a y e r  and ( i f  th e  m a t e r i a l  o f  th e  l a y e r  i s  w i t h in
C o n s id e r  th e  case  o f  a r e c t a n g u l a r  m e ta l  p l a t e  w i th  a bonded 
l a y e r  a s  i n  f i g . 7 . I n  an e l a s t i c  e x te n s io n  th e  t h i r d  p r i n c i p a l  s t r e s s  
TI  and th e  change in  s t r e s s  a c r o s s  th e  t h i c k n e s s  o f  th e  l a y e r ?would 
o n ly  be a p p r e c i a b le  i n  r e g i o n s  n e a r  a -  a 1 and b -  b ! , s in c e  s u i t a b l e  
l o a d in g  on th e s e  two b o u n d a r ie s  would produce  id e n t ic a l  s t r a i n s  t o  
th o s e  i n  th e  m e ta l  ( e x c e p t  f o r  a sm a ll  P o i s s o n f s r a t i o  e f f e c t ) ,  even 
th oug h  th e  l a y e r  were n o t  bonded t o  th e  m e ta l .  Thus i n  e l a s t i c
and th e  e q u a t io n  r e d u c e s  to  2-D form  f o r  which th e  method o f  num eri­
c a l  a v e r a g in g  i s  a p p l i c a b l e .
Where i n e l a s t i c  s t r a i n s  oocur i n  th e  m e ta l ,  s t r o n g  l o c a l  f o r c e s
a re  r e q u i r e d  a c r o s s  th e  g lu e  l i n e  t o  f o r c e  th e  l a y e r  t o  f o l lo w  them;
i t s  e l a s t i c  l i m i t )  th e  more g e n e r a l  e q u a t io n  o f  L ap lac e  ho ldsg
s u f f i c i e n t l y  sm a ll  to  be n e g le c t e d
T* and now no lo n g e r  s m a l l ,  and th e  method o f  n u m e r ic a l
a v e r a g i n g  i s  i n a c c u r a t e .
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EFFECT OF POISSON*S RATIO 
PHQTOELASTIC CALIBRATION.
A number o f e x p e r im e n ts  were c a r r i e d  o u t t o  d e te rm in e  th e  f r i n g e -  
s t r a i n  c h a r a c t e r i s t i c s  o f  A r a l d i t e  a lo n e  and when bonded t o  alum inium , 
The s e n s i t i v i t y  o f  th e  bonded l a y e r  (v iew ed  a t  norm al in c id e n c e )  was 
found  t o  be ab ou t 4% lo w er th a n  f o r  A r a l d i t e  a lo n e f  t h i s  was 
e x p e c te d  a s  P o i s s o n 1s r a t i o  f o r  A r a l d i t e  i s  h ig h e r  th a n  t h a t  o f  th e  
m eta lo  The e f f e c t  i s  c o n s id e r e d  in  d e t a i l  be low .
In  a s t r e s s e d  tw o -d im e n s io n a l  specimen? th e  number N o f  f r i n g e s  
observed? c o r r e s p o n d s  t o  th e  maximunn s h e a r  s t r e s s  by a  d i r e c t  p ro ­
p o r t i o n a l i t y  i®e® /\f ^  i t  A
When th e  specim en i s  s u b j e c t e d  t o  a p u re  t e n s i o n  p? th e  number
o f  f r i n g e s  ( o r  r e v e r s a l s  o f  l i g h t  and d a rk )  i s  g iv e n  by
Op* K c p,  _ .  -
where n ^  i s  th e  number o f  f r i n g e  u n i t s  c o r r e s p o n d in g  to  th e  ( l a r g e r )  
p r i n c i p a l  s t r e s s  p«
A p
Thus K ~  f t  , o r  i f  s t r a i n  i s  measured? K  B \  B p
rr _ number o f  f r i n g e s  o b se rv ed
l -e ”K  i T E f  _ ra _ - O b )
where E ^ Young*s modulus f o r  th e  p h o t o e l a s t i c  m ate r ia l®
The s t r a i n  i n  th e  d i r e c t i o n  o f  p®
In  th e  more g e n e r a l  c a se  when a second p r i n c i p a l  s t r e s s  q 
e x i s t s  y "" ~ C / t )
i n ' U o k “ “  N '  nr
f o r  l i g h t  a t  no rm al in c id e n c e 3? s in c e
dL e t Cn  = s t r a i n  i n  th e  d i r e c t i o n  o f  q .
V
-  P o is so n * s  r a t i o  f o r  th e  p h o t o e l a s t i o  m a t e r i a l .
'7  “  P o is so n * s  r a t i o  f o r  a lum inium  a l l o y .
To d e te rm in e  th e  e f f e c t s  when th e  p h o t o e l a s t i c  l a y e r  i s  * 
bonded t o  aluminium? c o n s id e r  th e  c ase  o f  a bonded 
t e n s i l e  specim en.
f t -  f i
X  F IG .9.
<r->' LJ   > p
The l a t e r a l  c o n t r a c t i o n  o f  th e  l a y e r  i s  r e s t r i c t e d  t o  >  £ p  
i n s t e a d  o f ^ £ p  ( i g n o r in g  th e  l a t e r a l  r e a c t i o n  on th e  m e t a l ) .
Two e f f e c t s  o c c u rg -
F i r s t l y ?  a v a lu e  o f H ^ w i l l  now be o b ta in e d  from  measurement 
i n  th e  A r a l d i t e  ( e . g .  by o b l iq u e  in c id e n c e )  when th e  t r a n s v e r s e  
s t r e s s  i n  th e  m e ta j  i s  a e r o .  Thus th e  s t r e s s e s  i n  th e  l a y e r  
a re  n o t  i n  d i r e c t  p r o p o r t i o n  to  th e  s t r e s s e s  i n  t h e  m e ta l  and I t  
i s  n e c e s s a r y  t o  d e v e lo p  a s t r a i n - o p t i c  law? s in c e  th e  p h o to ­
e l a s t i c  e f f e c t s  in  th e  l a y e r  occu r  b ecau se  o f  th e  t r a n s f e r e n c e  
o f  s t r a i n  from  th e  m e ta l .  These s t r a i n s  may be o b ta in e d  u s in g  
th e  s t r e s s - s t r a i n  e q u a t io n s  §
P H  \  w v x -------------------
i n  c o n ju n c t io n  w i th  e q u a t io n s  (17 ) and ( 1 9 ) .
Secondly? s in c e  th e  o b se rv ed  number o f f r i n g e s  w i l l  n o t
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now be s im p ly  a m easure o f  n (b u t o f  np ~ nQ ) ,  IC oannot be
f I V
d i r e c t l y  e v a lu a te d .
S u b s t i t u t in g  - ¥ p  f o r  in  e q u a tio n  (2 0 ) ?
E.^r-n\  o > 0
~-'Tj £ ,  L p *)
S u b tr a c t in g  e q u a t io n s  (2 1 )  we have
£ . t f ( i q )  -  r v ^ ' T  ,  s
T h » s . . . .  f - c ^  .  c . t f  ■ ( d ± j ) ) ---------------  ( a a )
The number o f  f r in g e s  o b serv ed  a t  norm al in c id e n c e  -  IC(p -  q) 
so  now, IC s  Number o f  f r in g e s  observed^ W +  )  ( o o \
E . S r  ( l+ » ) )
By com paring e q u a tio n  ( 2 3 ) w ith  eq u a tio n  ( 1 8 ) i t  i s  seen  th a t  
when m easurem ents a re  made to  d eterm in e IC from  a bonded la y e r  an 
e x tr a  f a c t o r  i s  in tr o d u c e d  w hich  depends on th e  P o is s o n ’ s  r a t io  o f  
th e  la y e r  and th e  metal® The f a c t o r  i s  I .O 4  f o r  A r a ld ite  on 
alum inium  up to  th e  e l a s t i c  l i m i t  o f  th e  m e ta l, b ut t h i s  w i l l  
d e c r e a se  in  r e g io n s  o f  la r g e  p l a s t i c  f lo w .
OTHER EFFECTS®
C o n s id e r in g  a bonded t e n s i l e  specim en a g a in , sm a ll t r a n s v e r s e  
s t r e s s e s  are  tr a n s m itte d  to  th e  m eta l from  th e  la y e r .  In e l a s t i c  
r e g io n s  th e s e  are co m p ress io n s  am ounting to  o n ly  4% o f  th e  s t r e s s  
in  th e  la y e r ,  w hich  in  tu r n  i s  o n ly  about 4% o f  t h a t  in  th e  metal®  
Thus, f o r  eq u a l t h ic k n e s s e s  th e  e f f e c t  in  th e  m eta l i s  l e s s  th an  .2%®
In f u l l y  p l a s t i c  r e g io n s?  P o isso n * a  r a t io  fo r  th e  m eta l becom es 
la r g e r  than th a t  o f  th e  la y e r  and a sm a ll tra n sv o rS e  t e n s io n  in  th e  
m eta l i s  o b ta in e d .
Sm all e f f e c t s  occu r in  th e  la y e r  a t b o u n d a r ie s . The m eta l 
cannot fo r c e  th e  la y e r  to  f o l lo w  i t  c o m p le te ly  a t  th e  ed g es  ( s e e f i g , 8 ) ,  
and th e  t r a n s v e r s e  s t r a in  o f  th e  la y e r  te n d s  to  th a t  r e q u ir e d  by i t s  
own P o is so n * s  ratio®  In  e l a s t i c  r e g io n s  v iew ed  a t  norm al in c id e n ce ?  
t h i s  ca u se s  a s l i g h t  in c r e a s e  in  s e n s i t i v i t y  a t  a boundary ( i . e .  
ap p roach in g  th e  s e n s i t i v i t y  o f  an unbonded layer)®
An ap p aratu s was r e q u ir e d  th a t  c o u ld  a p p ly  t e n s io n  to  a th in
m eta l p la t e  in  one d ir e c t io n  or  in  two d ir e c t io n s  a t  r ig h t  a n g le s?
and he s u i t a b le  f o r  u se  w ith  a r e f l e c t i o n  p o la r isco p e®
The d e s ig n  was b ased  on a number o f  req u irem en ts  a s  f o l lo w s
The s t r a in  s e n s i t i v i t y  o f  th e  p h o t o e la s t ic  la y e r  g iv e s  a
lo w er  p r a c t i c a l  l i m i t  to  i t s  th ick n ess®  In  th e  c a s e  o f
alum inium  a l l o y s  a t  t h e i i 1 y i e l d  p o in t ,  th e  s t r a in  amounts to
about 0®S jo  a t  w h ich  l / l 6 n t h ic k  A r a ld ite ?  i f  u sed  f o r  th e  la y e r?
w ould g iv e  a p p r o x im a te ly  f i v e  f r in g e s  in  m ercu ry-green  lig h t®  T h is
was c o n s id e r e d  s u f f i c i e n t  p r o v id in g  m easurem ents c o u ld  be made to
l / l O  o f  a fr inge®
To keep  th e  r e s t r a in in g  in f lu e n c e  o f  th e  la y e r  low? th e  m eta l
n eed ed  to  be a t  l e a s t  a s  t h ic k  a s  th e  la y e r  i®e„ l / l 6 n®
For th e  m eta l specim en  t o  approxim ate to  a h o le  in  an v
i n f i n i t e  p la te ?  th e  w id th  o f  th e  specim en  n eed s to  bo sa y  s i x
o r  more tim e s  th e  d ia m eter  o f  th e  hole® T h is in  tu rn  n eed s to  be 
la r g e  compared w ith  th e  t h ic k n e s s  o f  th o  m ota l ( t o  o b ta in  a tw o-
d im en sio n a l s t r e s s  d i s t r i b u t i o n )  and o f  th e  la y e r  in  o rd er  t o  o b ta in
D E V E L O P M E N T  O F  T H E  T E N S I O N  T A B L E
a c c u r a te  m easurem ents c lo s e  t o  th e  h o le  ( s e e  S e c t io n  I I  
"R equirem ents fo r  Accuracy")® Thus th e  la r g e r  th e  specim en  tho  
b etter®
To a p p ly  s u f f i c i e n t  t e n s io n  to  a la r g e  sp ecim en , ta lc in g  p a r ts  
o f  i t  boyond th e  e l a s t i c  l i m i t  r e q u ir e d  a la r g e  f o r c e  and t h i s  was 
to  be a p p lie d  in  two d ir e c t io n s  a t  r ig h t  angles®
The t e n s io n  a c t in g  in  each  d ir e c t io n  needed  t o  be c o n t in u o u s ly
v a r ia b le ,  in d ep en d en t o f  th e  o th e r  d ir e c t io n ,  and u n iform  a c r o s s  th e  
w id th  o f  th e  specimen®
The o v e r a l l  e x t e n s io n  o f  th e  specim en  w ould be m inute (v l/2% )
s in c e  an e l a s t i c  r e g io n  w ould surround th e  p l a s t i c  area  n ear th e  hole®
A compromise on th e  s i z e  o f  th e  specim en  was made, a l lo w in g  a 
maximum w id th  o f  tw e lv e  inches®  A peak lo a d  o f  20 to n s  in  each  
d ir e c t io n  was th o u g h t s u f f i c i e n t ,  and a s im p le  way o f  a c h ie v in g  
t h i s  appeared  to  be by means o f  a l e v e r  sy stem , a s  th e  o v e r a l l  
e x te n s io n  w ould be small®
Fig® no®10 i l lu s t ra te s  the system employed using a lever 
ra t io  o f 10gl®
The l e v e r s  co u ld  be r e p e a te d  on th e  o th e r  two s id e s  o f  th e  
specim en  f o r  s t r e t c h in g  in  two d ir e c t io n s®  To g iv e  a m easure o f  
ad ju stm en t o f  t e n s io n  a c r o s s  th e  w id th  o f  th e  sp ecim en , each  l e v e r  
system  com prised  th r e e  s e p a r a te  l e v e r s  a c t in g  in  p a r a l l e l  (fig ®  ll)®  
The ta b le  ( f ig ® 12) needed  to  w ith s ta n d  20 to n s  in  two
m j i
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d ir e c t io n s  w ith o u t  b rea k in g  or bow ing, and was made from 2" x  1-jjr’1 x  
m ild  s t e e l  ch a n n el s e c t io n  w eld ed  together®  The w ea k est p o in t s  o f  
t h i s  d e s ig n  w ere a t  p la c e s  such  a s  a-a*  in  f ig *  no* 12 , where th e  
s t r e s s  produced by c r o s s  lo a d in g  w ould ten d  to  ca u se  b u c k lin g  a lo n g  
th e  weld* S t e e l  i n s e r t s  w ere f i t t e d  in t o  t h e s e  r e g io n s*
M ild  s t e e l  s e c t io n s  w ere w eld ed  to  t h e  ends o f  th e  t a b le  fo r  
th e  l e v e r  fu lcru m s and s e t  a c c u r a t e ly  in  l in e *
The upper arms o f  th o  l e v e r s  w ere k ep t down to  2" to  keep  th e  
b en d in g  moment, and th u s  th e  s t r e s s e s ,  down to  a minimum® Tho
le v e r s  w ere made from  2-J-" x  1" s e c t io n  w ith  eye  h o le  and p iv o t  
w eld ed  on ( f ig *  no® 13)° W ith t h i s  th ic k n e s s  o f  m a te r ia l ,  and 
under maximum lo a d , c a l c u la t io n  showed th e  lo v e r s  w ould have a 
maximum t e n s i l e  s t r e s s  ( in  th e  o u te r  f i b r e s )  o f  a p p ro x im a te ly
1 6  t o p o s *i o  .
Fig® n o *14 shows th o  d im en sio n s  o f  th o  ey e  h o l e s ,  p iv o t s ,  and 
th o  lu g s  and p in s  u se d  to  c o n n ec t th o  lo v o r s  to  th o  c lam p in g  p l a t e s ,  
d e s c r ib e d  below®
I f  th e  m a te r ia l  o f  th e  specim en  w ere in  s h e e t  form  i t  w ould be 
n ea r  i t s  y i e l d  p o in t  under f u l l  lo a d , even  in  p a r t s  rem ote from  th e  
h o le ,  and a moans o f  gripj-dng w ould be r e q u ir e d  th a t  a v o id ed  
a p p r e c ia b le  s t r e s s  co n cen tra tio n ®  Tho clam p in g  p l a t e s  wore made 
to  accommodate v a r io u s  m ethods o f  f i x i n g  and ex p er im en ts  w ere  
c a r r ie d  o u t to  f in d  a s u i t a b lo  system® Each p a ir  o f  p la t e s  w ere
“45“
made to g e th e r  and d r i l l e d  t o g e th e r  to  ta k e  sovon  1 " 
d ia m eter  h ig h  t e n s i l e  h o l t s  and th r e e  2 " d ia m eter  s t e e l  pins®
F ig .  n o ®1 5  shows th e  arrangement®
S ix  com p ression  c y l in d e r s  w ere made f o r  a c c u r a te  m easurem ent 
o f  th o  a p p lie d  lo a d  ( F i g ,  no® l6 )® T hese w ere c u t  from  2 !l 
d ia m eter  s o l i d  drawn s t e e l  tu b e  o f  good q u a l i t y  and c o n s ta n t  w a ll  
th ick n ess®  S tr a in  g au ges w ere a tta c h e d  to  th e  c y l in d e r s  as  
d e s c r ib e d  on p®5 1 °
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A r e f l e c t i o n  p o la r is c o p e  was made- w ith  6 n d ia m eter  com ponents 
so  th a t  a la r g e  a rea  o f  th e  specim en  c o u ld  he p h otograph ed  w ith  each  
exposure® F igu re, n o ®1 8  shows th e  system  when u sed  w ith  
m onochrom atic lig h t®
The lamp h ou se was made to  c o n ta in  a 250 w a tt  tu n g s te n  f i la m e n t  
p r o j e c t io n  lamp a s  a w h it e  l i g h t  so u r c e  and a 1 2 5  w a tt  h ig h  p r e s su r e  
m ercury d isc h a r g e  lamp f o r  m onochrom atic lig h t®  A h ig h  so u r ce  
"brightness was e s s e n t i a l  due to  l i g h t  l o s s e s  o c o u r in g  a t  th e  
s e m i- s i lv e r e d  m irror? th e  m eta l su r fa c e?  and in  p a s s in g  through  th e  
p o la r o id s  *
When th e  o p t ic a l  sy stem  was l a t e r  m o d if ie d  f o r  o b liq u e  
in c id e n c e ?  l e s s  l i g h t  lo s se s^ o c c u r r e d  and s h o r te r  e x p o su r e s  c o u ld  be 
g iv e n  o
Both lam ps w ere c o o le d  by a c o n v e c t iv e  f lo w  o f  a i r  in  a h o u s in g  
o f  1 8  gauge m ild  s t e e l  s h e e t  w ith  b r a ss  su p p o rts  ( f i g .  no®i8 )*
A b r a ss  fram ew ork. f o r  p o la r is e r ?  a n a ly se r?  m irro rs  (and q u a r te r  
wave p l a t e s  when r e q u ir e d )  was made from 1" x  1" x  -g-" b r a ss  a n g le  
brazed  togeth er®  C o n cen tr ic  b r a ss  r in g s?  marked o f f  in  d e g r e e s  
from  0 °  to  360° '9 w ere made f o r  th e  p o la r i s e r  and analyser®  Each 
P o la r o id  s h e e t  was sandw iched  betw een  two t h in  c ir c u la r  g l a s s  s h e e ts ?
and clam ped to  a b r a s s  r in g  w h ich  co u ld  be s e t  a t  any r e q u ir e d  angle®  
The m irro rs  w ere made from  p la t e  g la s s  and c o a te d  by th e
-4 8 -
Ross Optical Co® The semi-reflecting surface was coated with 
aluminium and the fully reflecting surface with a chrome-aluminium 
deposit®
For the mercury-green filter a 6" square of gelatin was used, 
proteoted by glass plates on either side*
C o n sid er a b le  am ounts o f  l i g h t  from th e  co n d en ser  p a sse d  
s t r a ig h t  through  th e  s e m i - r e f l e c t i n g  m irror and on to  th e  b la c k  
backing* R e f le c te d  l i g h t  from  t h i s  su r fa ce  m s  found to  be 
sup erim p osed  on th o  im age in  t h e  cam era, c a u s in g  c o n s id e r a b le  haze® 
The e f f e c t  was e l im in a te d  by a rr a n g in g  a b a ck in g  o f  b la c k  s t r i p s  a t  
45°? d e f l e c t i n g  th e  s t r a y  l i g h t  away from th e  main beam® T h is i s  
i l l u s t r a t e d  in  f ig *  no®17®
FIG® 17.
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The o p tica l bench was made from two 1" diameter Steel tubes, 
fixe d  p a ra lle l to each other by welded distance pieces a t each end, 
and arranged to pass through the brass framework conta ining the 
polaro ids and mirrors® The lamp house and condenser lens were 
fixe d  to the underside o f the o p tica l bench and the camera above, 
the T/hole system being supported above the tension tab le  but free 
to tu rn  in  a ho rizon ta l plane®
The arrangement o f the o p tica l system, a fte r  modifying i t  fo r  
oblique incidence (see p®72), is  i l lu s tra te d  in  fig® 3®
The Casting Oven
Casting temperatures for Araldite range from 100° to 160°C and 
curing times from 15 to 3 hourstduring which time the temperature 
is kept constant® Lowering the temperature slowly after curing is 
necessary to avoid residual stress-es*
For the specimens? whose overall size could he up to 18” square?
a special oven was required as the largest available was limited to 
an inside floor area of 14” x 14”°
The form of the oven made is shown in fig, no® 19® A flat 
steel plate 14” x 14” is heated from underneath by six mica resistance 
strips totalling 750 watts® Specimens could be clamped to the plate 
by means of an aluminium square? with their edges projecting outwards 
from the heated surface® An asbestos lid 3” deep fitted over the 
plate® Temperature was controlled by a sensitive Sunvic thermostat 
whose coiled bimetal strip fitted into a steel block clamped to the 
underside of the- heated plate,
A small motor with a spindle geared down to 1 revolution per
hour was fitted below the thermostat control and arranged to lower 
th© temperature slowly after curing (in 16 revolutions of the spindle).
The aluminium clamping square was also used for the sides of 
the mould? being covered with a thin layer of silioone grease to
O T H E R  A P P A R A T U S
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Castings could be made separately by using the heated plate as the 
mould base, with a similar coating of grease*
Strain Gauges and Bridge®
A Tinsley portable strain gauge- bridge was obtained, calibrated 
for strains of *05%, *1%, *25% and ®5% for full scale reading of the 
slider, which was turned until a null deflection on the internal 
galvanometer was obtained* The bridge was used with a 10 way selector 
and is illustrated in fig, no,X9 »
Each of the six compression cylinders used for measuring the 
applied tensions had four gauges attached parallel to its axis and 
spaced symmetrically round the mid plane® This reduced the effect 
of out of balance loads (28)* Four other gauges were placed at 
right angles to the first set and each group were connected in series 
but in opposite arms of the bridge* This minimised the effect of 
change of resistance with temperature*
The gauges were affixed following tho manufacturers' instructions * 
and after drying them in an oven for 24 hours they were covered with a 
rubber waterproofing compound*
i n s u r e  t h a t  t h e  A r a l d i t e  d i d  n o t  a d h e r e  t o  i t  w h i l e  curing®
The c a l i b r a t i o n  o f  t h e  c y l i n d e r s  i s  d e s c r i b e d  i n  S e c t i o n  XV.
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ALUMINIUM ALLOY L71®
This was the alloy recommended by the Ministry of Supply for 
use under their contract® It had a stress-strain curve with a 
straight initial portion? rapid turnover and low strain hardening? 
and was used throughout the work®
Equivalent specifications are DDT 646B and HS 15 WP? the
alloy being solution treated and artificially aged at 175°C to 155°C
for 9 to 20 hours® A typical composition for the main alloying
elements wasg- Copper
Manganes e ®7 5%
Silicon ,76%
Magnesium 063%
The elastic constants of the alloy weres-
7  ,^2.Tensile Modulus 1,04 10 lbs®ins®
Poisson’s ratio ®33
olfo proof stress 23 t®p*s®io 
The material was obtained in sheets 6 ft® x 3 ft® and 
thicknesses of -055% o085,!? *128”® Tensile specimens were cut 
parallel to and at right angles to the final direction of rolling and 
used in conjunction with a Denison tensile test machine? and a Lamb’s 
roller extensometer to determine stress-strain curves for th© 
material® Fig®46 shows the results obtained with test pieces
of type BoS.S.4B5' and a 2" gauge length®
In the process of bonding? as explained on p. 68 $ some of th©
alloy was heated for 20 hours at 120°Co This temperature was on 
the fringe of artificial ageing temperatures so tensile speoimens 
were similarly treated to assess the difference? if any? in the
yield point® .Only slight changes occurred;the. yield point of the
*055" material increased by 1% and that of the 0O85” material by 2 
The yield point in each stress-strain curve has been taken as 
the stress at which the initial slope continued upwards? meets the 
slope of the fully plastic region extended backwards® (See fig®46).
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G R I P P I N G  T H E  S P E C I M E N
When gripping tensile test pieces, the ends are usually made 
considerably thicker or wider than the central testing area to 
ensure that, in spite of being weakened by the method of gripping, 
the ends are still stronger than the centre*
The work in hand was concerned with plates very much wider 
than tho central hole, with a plate width of 6" or more but 
length not greater than l6n* This limited any increase in width 
at the gripping edges since uniform tension was required over the 
central area*
One way of ensuring adequate strength at the ends of a specimen 
was to x'educe the central thickness of a thick plate* However, to 
maintain a constant thickness of say l/l6n over an area of up to 
12" x 12" was considered a formidable task* Moreover it was thought 
desirable to use the sheet metal in the thicknesses supplied, if this 
could be achieved*
A number of methods of gripping the specimen were considered* 
Bending the ends in a small arc (fig* no* 21 ) was unsuccessful due 
to the limited plastic elongation ,of the alloy, causing cracking®
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Gripping by* means of bolts passing through the material was 
tried® Seven llf diam* high tensile bolts were used at each end 
of the specimen and strengths up to approximately half the 
ultimate strength of the sheet were obtained® It was thought 
that with a greater number of smaller bolts? spread out over a 
larger area and clamping between rough plates? the gripping strength 
would approach that of the rest of the plate® However? each specimen 
would require considerable preparation®
The use of rounded knife edges was rejected as the pressure 
necessary to prevent sliding? combined with the applied tensile 
load would cause failure by shear®
Friction wedges commonly used in testing machines were 
considered®
F I G ®  2 2
Vfith the system of tensioning used? the upper arms of the 
levers were limited to approximately 21 between the centres of 
the fulcrum and the line of tension (d in fig®22)5 any increase 
in this distance required a corresponding increase in the strength 
of the levers® It was estimated that to grip specimens up to 
12“ wide by means of friction wedges would require a larger 
distance between fulcrum and line of tension® Moreover small 
machining errors could cause the tension across the specimen to be 
non-uniform®
Welding on gripping edges was tried® Aluminium alloy rods 
s-” x *§■" x 12” were fillet welded to the ends of test pieces? but 
failure occured near the weld at approximately half the normal yield 
strongth of the material® Soldering on edges at a somewhat lower 
temperature produced the same result® It appeared that this heat 
treatment of the metal at 400~500°C caused unavoidable strength 
deterioration®
Gripping by Redux Bonding
To overcome the deterioration of the alloy at high temperatures? 
experiments on bonding with Redux were tried® This is a phenol 
formaldehyde resin brushed on to the surfaces to he bonded and 
then polyvinyl formaldehyde is sprayed over to give strength 
after curing® Recommended temperatures are I4O-I8O0 C for 15-5 
minutes during whioh time the surfaces must bo under high pressure® 
Surface preparation is important and shear strengths as high as
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4 top*Soi® have been obtained under optimum conditions® Any 
tendency to peel has to be avoided as this can cause 
considerable reduction in strength®
Rectangular sections 12" x were cut from 5/l6" aluminium 
alloy sheet® A -J" x -g-" slot was milled out along the length 
of each section which was then prepared for bonding®
(The method of gripping after bonding is illustrated in fig*23)
Surface preparation for the specimen and th© section to be 
bonded consisted of degreasing the surfaces with acetone, 
followed by rubbing with coarse emery and degreasing again by x 
scrubbing with detergent in warm water® The surfaces were 
then rinsed, etched with a warm mixture of 5% chromic acid and 
15% sulphuric acid in water, rinsed in water and allowed to dry*
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The phenol formaldehyde was then brushed on and the Redux powder 
sprayed over? any excess being tapped off® This was left to 
dry for 30 minutes before placing the surfaces to be bonded in 
contact»
A clamp made from channel section provided, the pressure of 
50 - 100 lbs, p.s.i. required while curing. Layers of Neoprene 
were used to even out the pressure (fig,24).
V j f i  N>M
FIG. 24,.
Heat was supplied from two bunsen burners and the temperature 
measured approximately using a thermocouple and a calibrated
both clamp and specimen in cold water. The clamp was then unbolted. 
; A tension of 16 tons was obtained using a 12" wide specimen 
o085n thick? before the Redux bond parted. For a specimen only 
,055" thick this tension would be sufficient to cause appreciable
galvanometer. The temperature was kept at about 160°C for ten 
minutes and then allowed to cool slowly to 80°G before immersing
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p l a s t i c  f lo w , so  g r ip p in g  p ie c e s  were bonded on to  t h i s  th ic k n e s s  
o f  p la t e  o The maximum o b ta in a b le  t e n s io n  how ever was found to  
f a l l  from 16 to n s  to  11 ton s*  I t  was co n c lu d ed  t h a t  th o  shapo  
o f  th e  g r ip p in g  p ie c e  was f a r  from  id e a l  and th a t  w ith  i t s  
r e c ta n g u la r  form th o  g r e a t  m a jo r ity  o f  th o  s t r e s s  on th o  .bond was 
o c c u r r in g  in  th o  f i r s t  th o  th in n e r  specim en  w ould ca u se  an
oven g r e a t e r  s t r e s s  c o n c e n t r a t io n «,
The g r ip p in g  p ie c e s  wore th on  made w ith  a ta p er ed  s e c t io n  
( f i g - 2 5  ) =
' F lQ .  2 5
The ta p e r  was found  to  in c r e a s e  th e  bond s tr e n g th  s u f f i c i e n t l y  
to  a l lo w  la r g o  p l a s t i c  s t r a i n s  to  bo producod in  sp ecim en s o f  . 0 5 5 " 
and .085"  t h ic k n e s s ,  and a l l  l a t e r  sp ecim en s were bonded in  t h i s  m anner.
M easurem ents w ith  s t r a in  g au ges showed th a t  th e  s t r e s s  in  th e  
c e n t r a l  r e g io n  (w ith  no h o le )  was s u b s t a n t i a l l y  u n iform  when th e  
l e v e r s  were s u i t a b ly  a d ju s te d .
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PRSPARATION OF THE PBQTOELASTIC 
LAYER o
Araldite (an epoxy resin) has been used throughout for the 
layer® In casting resin form? both resin and hardener are 
solids at room temperature? whereas for the cold setting 
Araldite glues? resin and hardener are in liquid form,
Araldite has a number of advantages over previous 
photoelastic plastics? having high optical sensitivity? low 
time-stress effects? a long linear stress-strain curve and a 
strong bond with metal.
Casting and Machining,
Experiments were first aimed at casting Araldite directly on 
to the aluminium alloy? using the oven described on p.50* The 
surface treatment of the alloy consisted of degreasing with 
acetone? removing the surface layer with coarse emery? 
scrubbing in warm detergent solution? then rinsing and allowing to 
dry®
Various proportions of casting resin to hardener were used for 
the castings? typical quantities being 220 gm® of Casting Resin B 
and 80 gm® Hardener 901® The casting resin was heated in a metal
container at 130°C until completely molten® The hardener was
placed on a clean surface and all lumps pounded to' powder? any
foreign matter being removed® Once the resin was molten? the
hardener was tipped in and stirred until tho mixture beoase as clear
as the resin alone.
Tho specimen was then clamped to the heated oven plate?
silioono grease was smeared around the edges of the mould and the
casting mixture poured on. The oven lid was put over and the
casting left overnight at 120°C? then cooled slowly®
On removal the specimen was appreciably bowed? and this
appeared to bo unavoidable even when using the lowest recommended
curing temperaturos and vory slow cooling® Examination in polarised
light revoaled considerable residual stresses, presumably forcing on
cooling due to the thermal contraction of the Araldite being far
greater than that of the aluminium®
To avoid this initial stress it appeared necessary to produce
castings separately? then to bond thorn to specimens using a cold
setting Araldite glue®
For those castings the steel plate of the oven was used as the
base of the mould and a thin layer of silicone grease (Roleasil No®7)
was smeared all over® The method of casting was similar to that
described above but the proportions of resin and hardener were
standardised at 180 gm® of casting resin B and 60 gm® of hardener
o951o Curing temperatures were kept close to 125 C and castings
were again left overnight to cure® Care was taken to ensure
that the mould base was accurately horizontal®
After curing and cooling slowly, the casting was removed
for machining* .Its upper surface was flat and smooth but its
underside (in contact with the grease) rough and ridged®
To machine th© casting truly flat proved difficult® A
surface plate was obtained and the casting was clamped flat face
downwards on to this by aluminium bars along two sides® On
milling with either horizontal or vertical cutters, ridges
occurred between neighbouring cuts, probably because of an imperfect
sideways traverse® Further thickness variations resulted from a
slight lift of the casting from the surface plate*
Experiments with a number of castings led to the use of a thin
layer of grease between casting and surface plate, acting as a
vacuum seal and holding the casting down® The conventional
milling cutters were discarded in favour of a trepanning tool®
This had a cutting tip at the end of a radius arm and was set to
revolve in a 10" diameter circle (Fig®26)*
The whole of the required casting area could be cut with one
forward traverse using this tool* Approximately 0*01" was removed
from the surface with each traverse, using oil as a lubricant® 
theWhenAcasting had reached its required thickness}the forward 
traverse was stopped and the tool fed vertically downwards while
rotating? so that a circle was cut out® This was removed for 
bonding to a specimen®
FIG® 26
Trio L iva a,5 £ **£ c. VI ^  cVit'o
p<ijo<; ft ( v+> l \ i  1 c  r  o t k ’t  Lwtj')
S  j> C?C.CVW^L|f\ c u  rv\ pS
S^u-Y^cuC j? (a tc
Castings from 0®13" to 0,04" were obtained by this means with 
thickness variations of ± 0.001" or less®
When the castings were viewed in the polarisoope they were 
found to transmit considerable light even before machining and 
appeared but slightly affected by looal straining® It was thought 
that this might be due to a vertical stress caused by a temperature 
gradient existing across the casting during curing and cooling®
An annealing oven was made by building heavy iron plates into 
an old oven and surrounding these by copious mica insulation®
Asbestos was used to blank off the space between the plates® (Fig® 27)
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The castings a fte r  machining? were placed between two glass sheets, 
separated by paper, and l i f t e d  in to  the oven between the iro n  p la tes. 
The temperature was raised to 140°C, the current switched o f f  and 
the oven le f t  to cool, taking about 16 hours to f a l l  to hand warmth.
Castings annealed in  th is  manner were f la t  and su b s ta n tia lly  
free from residua l stresses®
B O N D I N G  E X P E R I M E N T S  *
It appeared necessary to use some form of ©.poxy resin adhesive 
because of the high adhesion strength needed between the casting 
and the metal® Two recommended resins were Araldite 101 and
Araldite 103 used in conjunction v/ith hardener 951 ® These were all
liquids but Araldite 101 was very viscous®
A number of small pieces of alloy and Araldite were cut up to
try different methods of glueing and surface preparation®
The alloy, after removing surface grease, was treated with 
various combinations ofs-
(1) Coarse emery finish®
(2) Pine emery finish®
(3) Degreasing with acetone (redistilled)®
(4) Degreasing by scrubbing with detergent*
(5) Etching with 5% chromic acid in water®
The Araldite surface was varied from (l) to (4)? and the 
consistency of the adhesive ranged above and below the recommended 
hardener ratio of lsl4 by weight, for Araldite 101 and 1§9 for 
Araldite 103®
Most specimens were tested after 48 hours but in cases where 
the glue was still not hard they were left for up to 1 4  days® The 
methods of test v/ero by tensioning tho metal until tho bond failed
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or by drilling holes through the Araldite and metal, when any 
lifting noar tho hole produced a lighter area that was easily 
detected * The larger the holes (up to •g*1 v/ero used) the more 
severe the test appeared to be®
The 101 resin seemed considerably superior to the less viscous 
103® Little difference in strength was observed betv/een a coarse 
and a fine emery finish, but degreasing by scrubbing with detergent 
followed by etching appeared to give the best results®
A full size specimen with a 1M central hole and an 8" circle of 
Araldite (■§-" thick) was prepared® Hesin 101 and hardener 951 in 
the ratio of 14§1 were thoroughly mixed in a small polythene sack 
to avoid air bubbles (29)® The mixture was poured from the
lower end of the sack in a ring around the 1" hole, the Araldite 
casting carefully placed over and then loaded with weights® The 
specimen was supported on a 9” square table 4" high with a central 
hole to allow excess glue to flow out®
After 48 hours the specimen was stretched and a photoelastic 
pattern obtained which however, slowly disappeared® On releasing 
the tension a pattern again formed and slowly diminished® The glue 
seemed to be slowly slipping®
Further experiments with larger proportions of hardener, more 
thorough mixing and longer curing times still produced photoelastic 
patterns that decreased with time, though more slowly* On heating
for 2 hours at 60°C the glue set firmly hut considerable 
contraction stresses appeared on cooling®
It was found that even a 10°C rise in temperature while 
glueing produced observable stresses when cooled®
The less viscous 103 set hard at room temperature? but its 
adhesion to metal was not sufficiently good® However it did seem 
to adhere strongly to the casting surface®
Experiments were tried in which the alloy was coated with a 
strongly adhering thin film using heat® It was thought that the 
Araldite 103? sandwiched between the film and casting might give 
good adhesion? and that if the film were sufficiently thin the effect 
of the contraction stresses would be small®
This method was found to be successful? and thin films O:002,f) of 
Araldite 101 and of Araldite casting resin could be formed on the 
alloy with certain precautions® The methods are set out below®
Surface Preparation®
Excess grease from the alloy surface was removed with cotton wool 
soaked in acetone® Medium emery? followed by a fine grade was used? 
and the surface then scrubbed with detergent in running warm water? 
rinsed thoroughly and allowed to dry by warming to 40-50° 0° The 
finer grades of emery were found to give better resolution of fringes 
near the hole? but increased surface glare and non-uniformity of 
illumination®
Covering the Alloy with a Film of Casting Resin*
20 gms. of casting resin B were melted at 120° C and then 
10 gms. of powdered hardener 9$1 were mixed in and stirred until 
the mixture cleared® Tho specimen, after the surface treatment 
described above, was placed on the heated oven top (at 120° C).
After approximately ij- minutes the mixture was poured on to the 
surface and spread out evenly to a thin film using a piece of
folded paper® The excess was moved off the specimen and the oven
top then put ovor® The temperature was lowered to 90°C for 6 hours 
beforo raising again to 120° C and leaving to cure overnight®
Tho initial 6 hours at low temperature was necessary, together 
with the high ratio of hardener, in order that the latter did not
all evaporate away from tho film before curing was effected*
Covering Aluminium with a Thin Film of Araldite 101®
Araldite 101 and hardener 951 Y/ere mixed in the ratio of 9si by
weight. The prepared specimen was placed on the oven surface at
60° C and tho mixture was poured on and spread out as before® The
oven top was replaced and the temperature lowered to 35°C for 6 hours 
before leaving overnight to oure at 70° C.
Glueing Casting to Specimen using Araldite 103
Any high spots' in the Araldite film were lightly emeried and 
the casting to be used was bevelled around its edge® The specimen
and tho casting? already slightly roughened from machining? 
were scrubbed in warm dotorgent solution? rinsed and allowed to 
dry.
30 gms. of Araldite 103 wore weighed out into a boiling tube 
and this was rested in warm wator until all- bubbles had risen to 
tho surface. 5 gms. of hardoner 951 were then stirred in§ the 
mixture was left for a few minutes until any air bubbles had risen 
and then poured out in a ring around the hole in the specimen? the 
latter being supported on a steel table with a §■'* central hole. The 
casting was lov/ored symmetrically over the hole? touching first at 
one side? then working across to avoid trapping air? and pressed 
down until excess glue appeared all round? and from the central hole. 
Metal weights of a few pounds were placed on the surface and tho glue 
left to cure for 24 hours. The specimen was then romovod and a 
central hole made in tho Araldite by drilling out with small holes 
and than filing until the Araldite boundary matched that of tho alloy.
In normal two-dimensional photoelastio worlc the patterns 
obtained are oontours of p - q s- Constant® A number of 
methods are available for the separation of the principal 
stresses (or strains), e.g. numerical methods can be used to 
calculate the values of p±*q at all interior points of a model 
once the values are known on the boundaries. However,, such 
methods are no longer valid in a region of plasticity, (see p.37).
Numerical integration of the equilibrium equation and the 
method of shear differences are used in normal photoelastic work. 
These are however? limited by the accuracy in determining the 
isoclinics,which have not been found well defined in tho present 
work with a thin bonded layer.
Methods using the change in thickness of a specimen are 
well known® Xn the present work, e.g. for a l/l6th layer 
bonded to l/l6" metal under a single tension? the change in 
thickness at the yield point (of the metal) is only ^2*5.10 ^  
inches? for which an accuracy of within 2% would require measur- 
ing down to 5,10 inches. For the present work with
D E T E R M I N A T I O N  O F  T H E  I N D I V I D U A L  P R I N C I P A L  S T R A I N S
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specimens up to 12u wide this difficulty could only he 
overcome by having lateral thickness gauges at every required 
point of measurement. These would cause the photoelastic 
pattern to bo obscured.
Experiments to obtain a value of p alone were tried? 
using the photoelastic pattern due to permanent set obtained 
after stretching a specimen. Narrow channels were machined 
through the depth of tho Araldite? parallel to the direction 
of stretching. The idea was for the channel to create a 
free edge for the Araldite so that only one principal stress 
could exist along it? and to observe the change in the photo­
elastic pattern. The method appeared moderately successful 
but could only bo applied to the pattern of permanent set.
The use of Small Holes.
A number of experiments were tried to determine the ratio 
p s q by means of small holes drilled to the depth of the 
Araldite.
The metal was left untouched in order to avoid spurious 
stress concentrations. Each hole was to simulate on a minute scale a
hole in an infinite plate acted, on by two tensions at right angles.
The two principal stresses acted around tho boundaries of the hole 
to produce a minute pattern orientated about the principal stress 
directions. As tho material around the lower edge of the hole was 
bonded to the metal? the same stress concentration as for a "complete” 
hole would not be obtained. However? it was thought that tho shape 
of the pattorn produced would vary with the ratio of the tensions 
near this hole in a similar manner to a "complete" hole.
Fig.3^  illustrates the patterns obtained.
It was found that the method was sensitive when p & q were
of tho same order (and sign) but that for psq greater than 5gl
the patterns obtained w.ero too similar to those obtained when 
q -z O with p decreased by an appropriate amount. (Actually by
an amount equal to q so that . P - 0. remained equal in the two
cases).
One foaturo of the patterns was that in elastic regions? where 
the number of fringes was low? the directions of principal stress 
could usually be determined with an accuracy better than that given 
by isoclinics.
The Method of Oblique Incidence.
A method of separating p and q by oblique incidence was 
suggested for normal photoelastic work by D.C. Druclcer in 1943 ( 30 ).
A photograph of tho specimen was taken' at normal ineidonces tho
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spocimcn was ro ta ted through a knovm angle ( & )  about an axis o f 
symmotry and a second photograph taken. (See f ig .  28) ,
k r o .v> tvt i C * yS pecCm eA
X . .
»  1  • ■PotarCser •
FIG. 2 8 .
The p rin c ip a l stresses p, q may each be represented by a number 
of fr inges  n^, nrv -  the number (w ith  relevant sign) tha t 7/ould be 
observed fo r  one i f  the other were zero.
For normal incidonco, tho number o f fr in g e s  observed at any 
po in t is  n t ~
On ro ta tio n  about ono p rin c ip a l stress (p say) tho numbor o f
Z y .
fr inges  a t any po in t is  s ...gL.
Cos <5
From thoso two equations, n,. and n. can bo separately determined
r  V
j -   ^ -  -  ( /4 * )
Tho method is  immodiatoly applicable to tho ca lcu la tio n  o f 
strossos along lin o s  o f symmetry since ono p rin c ip a l stress l ie s  
along th is  lino® For other poin ts a p r io r  knowledgo o f the 
d ire c tion s  o f p r in c ip a l stresses is  necessary.
The method was tr ie d  fo r  the caso o f a laye r bonded to  metal.
A specimen w ith  appreciable permanent sot was f i r s t  usod, tak ing  
photographs a t normal incidence and at approximately 45°« The
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arrangement i s  illu s tra te d , in  f ig .  2 9 ®
M irror 7 \ \r<or
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1  ' '
A - - ,
*—*----
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X
L  J* 4 ,
^ p e c tm e r i  
Normal Incidence.
FIG. 29
No sem i-silvered m irro r was required fo r  the photo at oblique 
incidonce, but i t  was necessary to immerse tho specimen in  water 
to cut down surface re f le c t io n  and to keep the l^g h t rays a t a 
moderate oblique angle on entering the A ra ld ite .
D e fin ite  d ifferences in  the two patterns were observed, but 
d i f f ic u l t y  occurred in  re la t in g  any given po in t on one photo w ith  
th a t on the o ther. A  fu rth e r d i f f ic u l t y  was the unknown phase 
d iffe rence  tha t occurred between the two photos due to using a 
sem i-silvered m irro r fo r  normal incidence only.
To overcome these probloms and to take photographs o f the specimen 
while under load, the fo llo w in g  system was adopted. (F ig .30).
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A large prism was used w ith  i t s  lower surface mated to the
A ra ld ite  layer by means o f a l iq u id .  The camera, lamp house,
condenser lens and polaro ids were attached to p a ra lle l r a i ls
so tha t the whole o p tic a l system (inc lud ing  the prism) could be
moved round by 90°•
Two photographs at oblique incidence were taken, one w ith  the
o p tica l system along (and one a t r ig h t angles to ) tho lin o  o f tension.
From these two photographs, the valuos o f & n<;^  could be ca lcu lated
fo r  a l l  poin ts along the lin e s  o f symmetry o f the specimen and fo r
any other po in ts where one o f tho p rin c ip a l stresses (p or q) was
p a ra lle l to tho d ire c tio n  o f tension.
For ro ta tio n  about tho p axis tho number o f fr ing es  observod
a t any po in t <7, -  - £ — 23+ + — ' .. ... _  _ _ ( 2 f > )
( o s  <9 ,
For ro ta tio n  <9^  about the q axis the corresponding number
of fringes is { 2 . 0
From these two equation
The use of two oblique photographs gives a greater difference 
in fringe number at any point than one at oblique and one at normal 
incidencep This increases the accuracy in the determination of
difference between the two photographs is eliminated.
The 6U prism was first made from glass sheet filled with water,
the lower surface of the prism being mated to the Araldite with water.
Considerable surface reflection occurred which obscured the
photoelastic pattern. The refractive index of the Araldite was
m easured to  be 1 .6 3 7 ,  and a s  t h a t  o f  w a ter  i s  o n ly  1 .3 3  th e  d i f f e r e n c e
accounted for the surface reflection.
A seoond 6" prism was made from perspexg liquid paraffin was
used to fill it and to mate the prism-Araldito surface. This cut
down the surface reflection to about l/5 of that previously observed.
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The surface of the Araldite was markod out with an accurately 
spaced system of squares for which Indian ink was found to he 
suitable. The squares enabled the exaot angle of obliquity to bo 
determined and corresponding points on the two photographs to be 
accurately located.
Since a 6" diameter field lens was not used, the camera had a 
finite angle of view, which caused changes in magnification and in 
the angle of obliquity along the specimen in the direction of the 
camera. Allowance had to be made for these changes before 
corresponding points on the two photographs could be compared.
(See p.87 )♦
TEST PROCEDURE 
Choioe of Specimen Dimensions.
It was attempted to test different thickensses of alloy? 
different plate widths? and different hole diameters in order to 
assess g-
a) The effect of the finite ratio between plate width
and hole diameter.
b) The restraining influence of the Araldite layer on
the deformation of the metal#
c) The boundary effeot of the layer? i.e. the fall in
sensitivity that occurs at a common boundary when inelastic strains
are present in the metal and are not fully transmitted through the 
layer#
Most of the specimens tested were only partially successful 
because of failure in the bond of the layer or of the gripping 
pieces at less than full load. This limited the experimental 
estimation of the above three effects#
Manufacture of the Spe oimens.
The dimensions were marked out on a sheet of L71 alloy with 
the length of the specimen either parallel to the final direction 
of rolling or at right angles to it# A band saw was used to 
cut the metal slowly? fast cuts causing distortion of the thinner
sheets. The edges of the specimen were ground and filed down to 
the required size and the central hole, for diameters between -J1 and 
1% formed using a counter-boring tool. Small holes v/ere drilled 
out, and holes larger than 1” were cut with a radius cutter.
Preliminary trials with 2-way specimens showed that it was 
necessary to thin down the central region to obtain sufficient stress 
at the centre at loads within the tensile limit of the arms. The 
specimen was clamped down on a surface plate on a vertical milling 
machine. The cutter blades were rounded at their lower edges to avoid 
any sharp ohange in thickness , and set to take light cuts of the alloy# 
Sequence of Bonding Operations.
The methods described are the outcome of approximately twenty 
full scale tests and numerous smallscale trials, A number of the 
techniques have already been set out but are briefly recapitulated to 
show their sequence.
Surface grease was removed from the specimen and one side emeried. 
After measuring the thickness of the sheet a thin film of casting 
resin was put on as explained on p.68. It was necessary to put this 
film on before bonding the gripping edges, as the temperature used to 
cure the film was above the safe maximum temperature of 70°C° for an 
unclamped Redux bond. However,bonding could be carried out first 
if a film of Araldite 101 was to be put on, due to its lower curing
temperature#
The gripping pieces were shaped and bonded as explained on p# 57.
The Araldite casting was bevelled around its edge before glue­
ing it to the specimen with Araldite 103 (see p# 68 ), This was to
reduce the stress concentration at the casting edge# After curing,
the central hole was drilled through the Araldite and filed to size#
When oblique incidence was to be used, accurate squares were 
marked out on the casting surface in order to key the pairs of 
photographs together#
The surface of the specimen, from tapered gripping piece right 
up to the casting edge was covered with black paint# The inside edge 
of the hole was also covered# These precautions were found to be 
essential when using liquid paraffin to mate the prism and Alaldite 
surfaces.
The effect of liquid paraffin on wetting an Araldite-metal junc­
tion under stress>was found out when a change over was made from a 
prism mated with water to one with liquid paraffin# The Araldite was 
found to crack off when the aluminium was at only one third of its 
required final tension. Several experiments were necessary to isolate 
the liquid as the cause of this failure# Keeping the liquid away 
from the Araldite-metal junction was found to eliminate the trouble.
A shallow trough was formed on the surface of the specimen by
using adhesive tape around the sides and under the central hole#
The specimen was fixed into the clamping plates which were bolted 
tightly together. Current to the compression cylinder strain 
gauges was switched on and left for half an hour before setting the 
zero. The specimen was then put under slight tension and the liquid 
paraffin poured into the trough. A prism of either 6" or 8" base 
(depending on the specimen size) was immersed in the trough, taking 
care not to trap air bubbles.
The directions of stress around the hole under a single tension, 
did not appear to deviate by more than 20°- 30° from the direction 
of tension, so that no isoclinics obscured the field of view when the 
analyser and polariser were arranged (crossed) at 45° *fco the applied 
tension# This enabled quarter wave plates to be dispensed with.
The camera used was a quarter-plate fitted with a 7” 4»5 lens 
and had a rack extension and a moveable baolc# When using oblique 
incidence it was necessary to tilt the baok to maintain a good focus 
over the whole area of observation# Ilford "Chromatic" plates were 
used, with the lens set at f/l6, and given 30 seconds exposure#
The 6" square filter, transmitting the mercury green line, was rested 
across the analyser, allowing only monochromatic light to the camera.
The 125 watt mercury lamp was switched on and focussed to 
a roughly parallel beam illuminating an area of about 7lf square#
The tension was increased to a desired value and made uniform across 
the width of the specimen hy adjusting the three levers individually. 
The strain gauge readings were noted, a photograph taken along one 
axis, and the whole optical system including the prism, was then 
rotated through 90° and a second photograph taken*
The tension was then increased and a further pair of photographs 
taken. This was repeated until either the Araldite or Redux failed, 
or the plastic flow was considered sufficiently large*
In cases where the Araldite cracked, the thickness of3 casting 
plus glue could be checked accurately by removing sections and measur­
ing with a micrometer. Alternatively, an optical method was used, 
focussing a travelling mioroscope at the surface of the metal and then 
of the Araldite. This apparent depth was multiplied by the refractive 
index of the Araldite.
PHOTOGRAPHIC MEASUREMENTS 
Measurements were usually made from the plate negatives, 
as prints on to photographic paper were found to distort on 
drying^ the sides of a printed square differing by up to 3%.
A travelling microscope was used to view the negatives, which 
were held on a stand parallel to the microscope traverse and 
.illuminated from behind. Fiig*3'l illustrates the arrangement.
L.CXtv\ f  '• ' V 1
<4
*N
V / X
X  j.+  \l
{FaucUvAjj m ic r o s c o p e
|v l i f  For  c r z z ^ r r z r r r .  > \ l .
TwW
FIG. 31
A tube was fitted over the microscope objective (usually of 
4" focal length) so that only light transmitted through the plate 
was received. -The high contrast obtained was necessary for 
reliable fringe measurements,; especially close to the hole where 
a 2/3" objective lens was used to resolve the fringes. These
readings were keyed to those made with the 4" lens by readings
at the hole edge or at a marked reference point* Measurements
could be read to 0.001 cms.
With photographs taken at oblique incidence, one set of
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surface markings always appeared as a double set o f lin e s  on a 
photograph taken in  one d ire c tio n ! the lin e s  perpendicular to 
these appeared double on the second photograph (a t r ig h t angles 
to  the f i r s t ) #  This was caused by the surface markings casting 
shadows on the metal su rface .
From f i g . 32 i t  can be seen th a t the ray tha t passes through 
the layer symmetrically below the surface lin e  appears h a lf way 
between the surface lin e  and i t s  shadow# Thus poin ts h a lf way 
between lin e  and shadow are the poin ts equivalent to  the single 
lin e  on the photograph taken at r ig h t angles.
The angle of o b liq u ity  o f the l ig h t  in  the A ra ld ite  was 
ca lcu lated from measurements o f the c a lib ra tin g  squares# F ig . 33 
shows the path of two p a ra lle l rays emerging from the layer. • 
at a distance X apart.
-85-
f ig . 33
A fte r passing through the prism, the rays enter the a ir  at a 
distance X0 apart and i t  is  th is  distance tha t is  recorded by 
the camera.
A formula fo r  the angle of o b liq u ity  is  deduced below fo r  
rays leaving the prism at angles close to  45°from the v e r t ic a l.
Sf- rz angle o f o b liq u ity  in  A ra ld ite .
©t •» „ „ ,, „ l iq . o f  prism.
0^ z  M it it n a ir .
X *  distance between 2 rays.on leaving layer 
corresponding d is t .  in  the a ir .
/ 'c  re fra c tiv e  index of prism®
/ J p  d  re fra c tiv e  index o f A ra ld ite .
t  v  ^  0 s  /  r  ^  CoS'*In  f i g .  3 }  ab -  ,  " C a T i ”
But o< and 4 are both sm all, so by S n e ll’ s law
.  C o s *  -  / - i « l  _ i f f .G s/s /-i/S' s/V<
■3 .
X  C o s/3
A
ignoring terms in *  and higher
 .................................................................................................................................................W ) .
m
Sinoe<Z « 4 5  “ f i ?  contained in both sides of the
expression. Its value may be obtained by a tabular method 
working backwards from 6}. The table below was constructed 
for liquid paraffin in the prism* 1.46.
Co » <9U
— - - - - -
t + " j ' *
Corresponding
Xa/X 'Jf , 1
43 ~ ~ I 7 o o o 7 ~ • 7 3 0 9  ........... .
4 2 . 7 4 3 1 1 .00 16 • 7 4 1 9
4 1 • 7 5 4 7 1 . 0 0 2 9 . 7 5 2 5
4 0 .7660 1.0045 .7626
3 9 . 7 7 7 1 1.0065 • 7 7 2 1
3 8 .7880 1 . 0 0 8 9 .7 8 1 0
3 7 . 7 9 8 6 1 .0 1 1 6 . 7 8 9 5
XStarting now with any measured value of ^  % &Lcan be 
obtained by simple interpolation. This value can then be con­
verted to (the angle of obliquity in the Araldite,) using?
f e i + ;  *  «.* ... - . . .  - oo)
The plate holder of the camera was set at an angle to the lens „ 
in order to get good focussing over the whole of the image.
Allowance was made for this tilt ( it effectively increased X 
slightly) and for the change in specimen dimensions on load, when
in the direction of tension and contracted by l/6% in the
transver.se direction.
The use of oblique incidence, and the finite angle of view of 
the camera caused different regions of the specimen to subtend 
different angles at varying distances from the lens. Perspective 
effects therefore occurred and it was necessary to allow for the 
change in magnification & in th© angle of incidence along the specimen. 
Measurement of the calibrating squares gave the change in 
magnification for each inch along the specimen, as 4*05%“
Let a distance of x u be measured on the photograph from a 
reference point (where the magnifioation is M), corresponding to a 
distance X" on the specimen. The relation between -x and X is then 
required.
Magnifioation at a distance X" from the reference point will
The average change in magnification over this distance is 
M( 1 + i. +S.X),
be M (l+ yo§-^ J .
too
Therefore X = li( i X )
V /OO f
Substituting-^ for X in the small term, and ignoring terms beyond 
the first order of smallness, gives
The change in angle of incidence was worked out approximately 
as 5/6° per inch. The calculation is given in the appendix p. /26 ,
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RESULTS AT NOR31AL INCIDENCE 
A number o f  sp ecim en s w ere s tr e t c h e d  and p h otograph ed  a t  norm al 
in c id e n c e  w h ile  t r y in g  to  f in d  a means o f  s e p a r a t in g  th e  p r in c ip a l  
s tr a in s *  Some o f  th e s e  produced  i n t e r e s t i n g  r e s u l t s .
E ig .3 4  shows th e  p h o t o e la s t i c  p a t te r n s  o b ta in e d  f o r  a 31* w ide  
specim en  w ith  a ■J-" h o le  s u b je c te d  to  a range o f  t e n s io n  in  one 
d ir e c t i o n .  S m all p l a s t i c  a r e a s  are  p r e s e n t  in  (b ) and la r g e  p l a s t i c  
a r e a s  in  ( c )  and ( d ) .  The arrow s show th e  d i r e c t io n  o f  a p p lie d  
t e n s io n  and some f r in g e s  are  numbered. D e t a i l s  o f  th e  t e s t  are  g iv e n  
in  t a b le  1 .
S E C T I O N  I V
F ig .
No.
D e t a i l s  o f  
Specim en
A p p lied
t e n s io n
Tons.
G ross S t r e s s  
t . p . s . i .
S t r e s s  T
a llo w in g
f o r
la y e r .
t . p . s . x .
T
2k
Specim en n o .S lO
3 4 (a ) .0 8 3 5 ” L71 2 .5 3 1 0 . 0 7 9 .7 5  ' .3 6 2
" (» ) 3 .0 0 "  w ide 4+77 1 9 .0 1 8 .4 .684
" (o ) h o le 6 .1 4 2 4 . 4 23.6 • 877
» (d ) .0 5 2 3 ”A r a ld ite  
l a y e r .
6 .7 1 2 6 ,7 25.85 .960
i
TABLE 1 .
T> *  S t r e s s  in  th e  a l l o y  
rem ote from  th e  h o le .
2k - T e n s i le  s t r e s s  a t  th e
y i e l d  p o in t  o f  th e  a l l o y .
IPOOH STACKS OF TENSION (o n e  d i r e c t i o n )  IH  A 3 "  SPECIMEN WITH 1 /4 "  HOLE.
* *
F r in g e  num ber 5 show s t h e  a p p ro x *  p o s i t i o n  o f  t h e  p l a s t l e - e l a s t i c
boundary.i
Under c o n d it io n s  o f  p ian o  s t r e s s ,  th e  maximum sh e a r  s t r e s s  i s  
g iv e n  by -§p when q ( th e  s m a lle r  p r in c ip a l  s t r e s s )  i s  o f  th e  same 
s ig n  a s  p (*  v e ) • H owever,? in  r e g io n s  where q i s  n e g a t iv e  or
z e r o , th e  maximumi sh e a r  s t r e s s  i s  g iv e n  by *J-(p -  q ) . I f  th e  m eta l 
i s  assumed to  y ia ld  a t  a g iv e n  maximum sh ea r  s t r e s s ,  th en  ( f o r  q ^ o )  
a g iv e n  f r in g e  number ( b e in g  p r o p o r t io n a l  to  p ~ q) w i l l  d e f in e  th e  
boundary. For th e  specim en  shown, t h i s  f r in g e  number i s  5$ 03? 
more a c c u r a t e ly  4 *85*1 c a lc u la t e d  from th e  s e n s i t i v i t y  and th ic k n e s s  
o f  th e  la y e r  and th e  y i e l d  p o in t  o f  th e  a l l o y  <,
The s t r e s s e s  in  th e  p u r e ly  e l a s t i c  c a se  are shown in  f i g .  47 •
I t  can be s e e n  th a t  in  th e  r e g io n ©  -  45°? q i s  s l i g h t l y  n e g a t iv e !  
in  th e  r e g io n  0  r  o , q i s  e i t h e r  -  ve or c lo s e  to  zero? in  th e  r e g io n  
o f  9°°? q te n d s  to  zero  away from  th e  h o le#  M ach in ing c h a n n e ls  in  
th e  A r a ld ite  la y e r  o f  th e  above specim en  ( a c r o s s  th e  p a t te r n  o f  
perm anent s e t )  a l s o  in d ic a te d  th a t  q was n e g a t iv e  (c o m p r e s s iv e )  in  
th e  r e g i o n B x  3 0 °  t o  6 0 ° * Thus, in  f ig #  3 4 ,  f r in g e  number 5 (o r  
4*85) d e f in e s ,  a t  l e a s t  a p p r o x im a te ly , th e  p l a s t i c - e l a s t i c  boundary in  
( c )  and (d )*
The grow th o f  th e  p l a s t i c  a rea  a lo n g  th e  t r a n s v e r s e  d ia m eter  i s  
se e n  to  be l im i t e d ,  p l a s t i c  r e g io n s s p r e a d in g  ou t a t  a p p ro x im a te ly  3'5° 
t o  t h i s  d ir e c t io n #
THREE STAGES OF PEItt&NENT SET ( from three d iffe ren t specimens ). 
(c) is  the residual pattern corresponding to (d) in  Fig. 34?
1- 9 0 -
F ig .  35
Each ph otograph  i s  from  a .d i f f e r e n t  specim en  and shows a s ta g e  
o f  perm anent s e t ,  in c r e a s in g  from  (a )  to  ( a ) 0 ( c )  shows th e  p a t te r n
c o r r e sp o n d in g  to  f i g .3 4 ( d ) „
The f r in g e  number su rro u n d in g  each  o f  th e  p a t te r n s  o f  perm anent 
s e t  i s  v e r y  c lo s e  to  z e r o , in d ic a t in g  th a t  th e  perm anent s t r a i n s  o f  
th e  p l a s t i c  a r e a s  have n o t b een  g r e a t ly  com pressed  by th e  surround­
in g  e l a s t i c  a r e a s  on r e l e a s i n g  th e  load* These p a t te r n s  th u s  g iv e  
~ a good in d ic a t io n  o f  th e  e x t e n t  o f  th e  p l a s t i c  r e g io n  in  each  c a se  
( a l lo w in g  f o r  a s l i g h t  "spread" o f  th e  p a t te r n s  o f  about h a l f  a 
f r i n g e . )
T able 2 g iv e s  d e t a i l s  o f  th e  specimens®
F ig .N o* R a tio  o f  p la t e  w id th  
t o  h o le  d ia m eter
M a x .S tr e ss  in  a l l o y  
rem ote from  h o le  
b e fo r e  r e l e a s e .
T
2k
35 (a ) 12 si 1 5 .5 t * p . s . i . .575
" + ) 24 §1 2 2 .2 11. • 00
" ( 0 ) 12*1 25*85 t e.96
TABLE 2 .
F ig*  3 6 .
T h is shows one quadrant o f  a specim en  s t r e t c h e d  in  two d ir e c t io n s  
w ith  d i f f e r e n t  r a t i o s  o f  tli6  two t e n s io n s  T, arid T -^ * The sm a ll  
h o le s  are  d r i l l e d  th rou gh  th e  A r a ld ite  la y e r  only,-, and were u sed  (a s  
e x p la in e d  in  S e c t io n  I I I  p , 71 ) in  an a ttem p t to  deduce th e  r a t i o  o f  
th e  p r in c ip a l  s t r a i n s  a t  any p o in t  from  th e  p a t t e r n s  form ed . The.
ONE QUADRANT OF A SPECIMEN UNDER TWO TENSIONS AT RIGHT ANGLES.
The p a t t e r n  o f  th e  c e n t r a l  h o le  t o g e t h e r  w ith  th o s e  o f  s m a ll  
h o le s  ( th ro u g h  th e  A r a ld i t e  la y e r  o n ly  ) can  b e  s e e n .
( a )  T x :T 2 * l s l  (b )  T ! : T 2 = 1 . 6 : 1  (c> T X:T 2  = 3 . 5 : 1
way in  w hich  t h e s e  sm a ll (an d  " in co m p lete" ) h o le s  have p a t te r n s  
im i t a t in g  th o se  o f  th e  c e n t r a l  h o le  can be s e e n . T h eir  change 
o f  p a t te r n  w ith  th e  r a t i o  o f  T^ 8 T^  and t h e ir  o r ie n t a t io n  in  th e  
d ir e c t io n  o f  stre& s i s  d i s t i n c t .
T able 3 g iv e s  d e t a i l s  o f  th e  sp ecim en .
F ig . No. Approx.
E nlargem ent
T,
T*
Specim en D im en sion s "Sm all Hole"  
d im e n s io n s .
36 ( a ) x  2 I s l
4 n x  4 ”c e n t r a l  a rea  
#084nth io k  L71 . 0 4 7 " diam .
I! 0 0 ii .1 .6 * 1 ^•"diam. c e n t r a l  h o le . 0 5 ’? d e ep .
II ( r i n 3 o 5 s 1 . 0 5 " t h ic k  la y e r
1
o f  A r a ld i t e .
;
TABLE 3 .
I f  th e  A r a ld ite  la y e r  were e x tr e m e ly  t h in  and fo llo w e d  th e  s t r a i n s  
in  th e  m eta l c o m p le te ly ,  th e  sm a ll h o le s  d r i l l e d  th rou gh  th e  la y e r
a lo n e  would produce no o b se r v a b le  l o c a l  s t r a in  p a t t e r n s .  The sm a ll
h o le  p a t te r n s  th e r e fo r e  r e l y  on th e  im p e r fe c t  manner in  w hich  th e
A r a ld ite  f o l lo w s  th e  s t r a in s  in  th e  m e ta l, and g iv e  some id e a  o f  th e
(maximum) boundary e r r o r  th a t  c o u ld  o cc u r , and th e  d is t a n c e  from  a
boundary a t  w hich  th e  e r r o r  i s  n e g l i g i b l e .
F i g .37
T h is  shows th e  r e s u l t s  o b ta in e d  from a specim en  s tr e t c h e d  w ith  
two eq u a l t e n s io n s  a t  r ig h t  a n g le s .  Curves o f  f r in g e  number a g a in s t

levels, the highest two causing plastic flow around the holo® Details
of the test are sot out in table 4*
The central region of the specimen was thinned down (see fig.43)
in order to keep the stress there higher than in the arms. The stress 
(in the centre) due to thinning was determined from the known 
sensitivity and thickness of the Araldite layer, and the number of 
fringes measured in a purely elastic extension®
The photoelastic patterns obtained were concentric circles, 
showing that the stresses and strains had radial symmetry and that 
the plastic-elastic boundary was therefore a concentric circle#
distance from the holo centre are p lo tted  fo r throe d ifference s tre s s
Fig.
No#
Photo®
No#
Applied 
Load 
Tons 0
Central
Stress
topoSolo
T
2k
t.p.s.i.
Details of Specimen
Alloy L71
3 7 (a ) 91 2*54 9.46 ’ °35 4h wide arms 
,0844"  thick arms
3 7 (b ) 92 3*97 14.8 *55 #0 4 0 5 " central thick­ness.
3 7 ( 0 ) 93 5*415 2 0 .2 * 74
*4” hole diameter®
. 0 5 4 8 ” Araldite
thickness.
TABLE 4-
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The method u se d  to  d eterm in e  th e  s t r a in s  from  p h o to g ra p h ic  
m easurem ents i s  i l l u s t r a t e d  b e lo w . The c a l c u la t io n s  f o r  one p a ir  
o f  p h otograp h s a t  one l e v e l  o f  s t r e s s  in  a specim en  a re  fo llo w e d  
th rou gh  th e  v a r io u s  s t a g e s  o f  w ork in g  w hioh  has been  d iv id e d  in t o  
sev en  ta b le s *  (F ig#399 shews th e  two p h otograph s u s e d .)
The first table (no.5) determines the stress in the alloy 
remote from the central hole, allowing for the small proportion of 
the total tension taken by the Araldite.
’ i
Photo
No. D e t a i l s  o f  Specim en S tr a in  Gauge R ea d in g s .
T o ta l
T en sion
in
Tons
Tons
T en sion
f  -by
G ross 
S e c t .o f  
A llo y .
T .P .S .I .  
S t r e s s  in  
A llo y  
Remote 
from  h o le .
1 9 7 )
1 98)
N o.S21 L71 a l l o y  
.0 8 3 5 ” x  6 .0 3 "  c r o s s -  
s e c t i o n .
S in g le  t e n s io n
diam . c e n t r a l  h o le  
A r a ld ite  la y e r  N o.0 4 1  
.0 5 6 7 ” t h ic k .
G< Gx g 3 
.2 6 3  *252 .248 1 2 .6 3
i
2 5 .0 7 24* 24
TABLE 5 -
Each specim en  was marked in  fo u r  q u ad ran ts CO * ©  > Q ) , (§> 4 and 
in to  1 ” c a l ib r a t in g  sq u a re s  a s  i l l u s t r a t e d  in  f i g .  38'
l a )
f i o .  3 9
F:;CTC ;.in i : i J  AT 0 3 L I  M S I X I D i i ’JCE KOH A 6 "W IDE S P E C I IS .i
" i t .; a
(a> R o ta t io n  abou t p -a x is  vb) R o ta t io n  about o - a x is .
"94^
The second table (No.6) is concerned with measurements made on 
these reference lines and the determination of (see Photographic 
Measurements P. 85) Allowance is niade for the change in dimensions
of the specimen on load and for.the tilt of the plate holder (which 
was necessary for accurate focussing).
dist.on photo in 1 dirn0? dist.on photo in 2 dim. ^ Plate tilt 
X dist.on loaded spec. * dist.on loaded spec. factor
Mi Co Photo d i s t . A ctu a l d i s t .o n A llow ­
P osn . Edg. D irn . f o r nom inal Specim en ance x 0
cms. s p e c . d i s t . o f u n load ed f a c t o r f o r X
2 " 4" nom inal f o r  change p la t e
2 ” 4" on lo a d t i l t
PHOTO NO. 197 aft'**
*
1 " * ® 9 .6 7 6 i f 1 .7 3 7 5 .0 6 .9 9 8 n i l
r 1-*© 1 1 .4 1 3 t o  a p p l.
2"a*(D 8 . 8 0 4 T en sio n 3 . 4 8 O 1 0 . 1 6 .9 9 8 n i l
2 " + 0 1 2 . 2 8 4 tt
... .7 5 2 9
l"-*@ I I . 2 4 8 P a r a l l e l 1 .3 4 1 5 .0 7 1 . 0 0 5 * .9833 Av.
l"-» ® 9 .9 0 7 to
1 1 .8 7 7 a p p lie d 2 . 6 8 5 LO. 1 6 1 .0 0 5 * .9833
2 " + ® 9 .1 9 2 t e n s io n
PHOTO HO .198'
I"-*-© 1 2 . 1 4 2 i f 1 .3 3 8 5 .0 6 .9 9 8 *•9833
I " * ® 1 0 . 8 0 4 to
2"-» <3> 1 2 .7 7 8 a p p lie d 2 . 6 8 7 L 0 !6 .9 9 8 *.9833
2 " + ® 1 0 . 0 9 1 t e n s io n
#7502
l" + @ 8 . 2 5 2 P a r a l l e l L.773 5 . 0 7 1 . 0 0 5 n i l Av.
1 "* @ 1 0 . 0 2 5 to
2 "-* (5) 7 .3 7 1 a p p lie d 3 .5 3 8 L 0 !6 1 . 0 0 5 n i l
2 "-* @ IO .9 0 9 t e n s io n
T A B L E  6
F r o m  t h o  v a l u e  o f  ™  o b t a i n e d  i n  t h e  a b o v e  t a b l e #  t h o  a n g l e  o f  
o b l i q u i t y  c o u l d  b e  d e t e r m i n e d  f r o m  t h e  t a b l e  o n  p * 8 6 ,  a n d  f r o m  t h i s ,  
t h o  a n g l e  o f  t h e  r a y s  i n  t h e  A r a l d i t e  l a y e r ®  T h e s e  v a l u e s ,  t o g e t h e r  
w i t h  t h o  m a g n i f i c a t i o n  a t  t h e  h o l e  c e n t r e  a n d  a t  a  c h o s e n  r e f e r o n o o  
p o i n t  a r e  s e t  o u t  b e l o w  ( T a b l o  7 ) ®
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o
Xo v
P h o t c
N o .
I 
3b 
1 
. A n g l e  o f  
C e n t r a l  R a y  
i n  P r i s m ®  
( C a l c ®  f r o m  
T a b l e ,  p® 8 6 )
A n g l e  o f  C e n t r a l  
R a y  i n  A r a l d i t e  
L a y e r ®
M a g n i f i c a t i o n  
a t  H o l e  C e n t r e ®  
P e r p e n d i c u l a r  
t o  l i n o  o f  
t e n s i o n ®
M a g n  0 a t  
R e f e r e n c e  
P o i n t «
/ “ ** ©
1 9 7 o 7 5 2 9 4 0 °  5 7 i ' 3 6 °  2 0 ' o 3 4 3 5 * 3 4 3 5
1 9 8 ® 7 5 G 2 : £
O
O
j
3 6 °  3 5 ' o 2 6 5 0 * 2 5 4 7
TABLE 7 °
M e a s u r e m e n t s  o f  f r i n g e  n u m b e r  v e r s u s  d i s t a n c e  a l o n g  t h e  t r a n s v e r s e  
a x i s  w o v e  m a d e  u s i n g  t h e  d r a w n  l i n e  a t  l n - *  ( § )  a s  a  r e f e r e n c e  p o i n t ®
T h e  a c t u a l  n u m b e r  t o  b e  a l l o t t e d  t o  a n y  f r i n g e  w a s  u s u a l l y  f o u n d  b y  
c o u n t i n g  o n  t h e  p h o t o g r a p h  f r o m  t h e  m i n i m u m  f r i n g e  n u m b e r  p r e s e n t ®
T h i s  w a s  o n  t h e  a x i s  p a r a l l e l  t o  t h e  a p p l i e d  t e n s i o n  a n d  w a s  n e v e r  
f o u n d  t o  b e  m o r e  t h a n  l - J  f r i n g e s  a b o v e  z e r o .
T h e  n e x t  t a b l e  ( n o ® 8 )  c o n v e r t s  t h e  d i s t a n c e s  m e a s u r e d  f r o m  t h e  
r e f e r e n c e  p o i n t  o n  p h o t o g r a p h  1 9 7  i n t o  a c t u a l  d i s t a n c e s  o n  t h e  
s p e c i m e n .  T a b l e  9  c o n v e r t s  d i s t a n c e s  f r o m  p h o t o g r a p h  1 9 8  i n t o  
s p e c i m e n  d i s t a n c e s  a l l o w i n g  f o r  t h e  c h a n g i n g  m a g n i f i c a t i o n  t h a t  
o c c u r s ®
P h o t o - ,
N o .
F r i n g e  N o .  
o r
P o s i t i o n
R e a d i n g s  o n
T r a v e l l i n g
M i c r o s c o p e
o c
G m s . H i s t .  
o n  P h o t o .  
F r o m  R e f .  
P o i n t .
D i s t . f r o m  R e f . P o i n t  
o n  S p e c i m e n  i n  i n c h e s  
X ( M a g n . a t  
R e f . P t .  x  2 . 5 4 )
1 9 7
i n -  9
R e f . P t . 1 1 . 3 3 1 0 0
3 i 1 0 . 5 1 1 - . 8 2 0 - . 9 4 0
3 1 1 * 1 1 7 - . 2 1 4 - . 2 4 5
2 i 1 1 . 3 7 1 + . 0 4 0 + . 0 4 6
3 1 1 . 5 3 6 . 2 0 5 . 2 3 5
... 4 1 1 . 6 1 5 5 . 2 8 4 5 . 3 2 6
5 1 1 . 6 6 8 . 3 3 7 . 3 8 6
6 1 1 . 6 9 9 . 3 6 8 . 4 2 1 5
7 1 1 . 7 2 2 = 3 9 1 . 4 4 8
8 1 1 . 7 4 2 . 4 1 1 • 4 7 1
9 1 1 . 7 5 8 . 4 2 7 . 4 9 0 '
1 0 1 1 * 7 7 5 * 4 4 4 . 5 0 9
1 1 1 1 . 7 3 9 . 4 5 8 = 5 2 5
1 2 1 1 . 8 0 2 . 4 7 1 • 5 4 0
1 3 1 1 . 8 1 3 . 4 8 2 • 5 5 2
1 4 1 1 . 8 2 2 = 4 9 1 • 5 6 3
1 5 1 1 . 8 3 2 . 5 0 1 . 5 7 4
1 6 I I . 8 4 O 0 . 5 0 9 . 5 8 4
1 7 1 1 . 8 4 9 = 5 1 8 . 5 9 4
1 8 1 1 . 8 5 5 . 5 2 4 . 6 0 0 )
1 9 1 1 . 8 6 3 = 5 3 2 . 6 1 0
2 0 1 1 . 8 7 1 . 5 4 0 . 6 1 9
2 0 f c  ) 1 1 . 8 7 7 . 5 4 6 . 6 2 6
H o l e  e d g e )  
F a r  H o l e )  • 
e d g e  )
1 2 . 5 3 8 I . 2 0 7 1 . 3 8 2
TABLE 8
“ 9 7 -
P h o t o
N o .
198
F r i n g e  
N o .  o r  
P o s i  b i o n ,
K d g . o n
TraVo
M i c #
A l l o w a n c e  f o r  M a g n . c h a n g e
X ^ T V p e o .
stems.
D i s t o  o n
P h o t o  ?
f r o m  r e f  * 0 3 1 3 ^  0 3 1 3  x  j 
p o i n t .
-.ocf
M a g n .x 2 .5 4
- . 0 0 4 8  S1 . 0 0 4 8  
- . 0 2 0 1  1 . 0 2 0 1  
- . 0 0 0 3  1 . 0 0 0 3
■ t . 0 0 2 - 1  j . 9 9 7 : 9
.0 0 2 3  1 .9 9 6 8  
.9 9 5 4  
99 4 5i 0
99 3 6
! . 9 9 3 1  
1 . 9 9 2 5
.9 9 2 0
i. 9 9 1 7  
I . 9 9 1 3  
.9 9 0 9  
.9 9 0 5
. 9 882
Z ero)
1 "+ ® )  1 2 . 0 4 7  | 0
5 .7  1 2 .2 0  - .1 5 3
.6 4 3
 . .011
6&  1 1 . 9 8 0  + .O 6 7
7 1 1 .9 4 6  1 .1 0 1
8 1 1 .901  . 1 4 6  .OO46
9 1 1 . 8 7 0 5  . 1 7 6 5  .0 0 5 5
10  1 1 .8 4 2  . 2 0 5  .0 0 6 4
11 1 1 .8 2 6  .2 2 1  .0 0 6 9
1-2  1 1 . 8 0 7  1 . 2 4 0  .0 0 7 5
13 1 1 . 7 9 2  . 2 5 4 5  .0 0 8 0
14  1 1 .7 8 0  .2 6 7  ,0 0 8 3
15  1 1 .7 6 8  .2 7 9  .0 0 8 7
16  1 1 .7 5 7 5  -2 8 9 5  .0 0 9 1
17 1 1 .7 4 4 5  .3 0 2 5  .0 0 9 5
]  1 1 .6 6 8  : .3 7 9  .0 1 1 8
% " o b j e c t i v e  n o w  u s e d  t o  r e s o l v e  t h e  f r i n g e i  
d
R e a d i n g s  a r e  k e y e d  t o  h o l e  e d g e  
H o l e  
o d g e
18
19
20
2.1
2-2
23
24
- * 2 3 7  
-1.014 
- . 0 1 7  
* .1 0 3  
• 1 5 5 5  
. 2 2 5  
.2 7 1  
-3 15  
.3 4 0  
* 3 6 8 5  
,3 9 1
.4 0 9
.4 2 8
*4 4 3
.4 6 3
*5 7 9
3 .1 6 9 5 * 3 7 9 . 0 1 1 8 .9 8 8 2 .5 7 9
3 .2 3 7 *3 1 1 5 .0 0 9 7 .9 9 0 3 • 47 7
3 .2 2 8 . 3 2 0 5 .0 1 0 0 .9 9 0 0 • 49 0
3 .2 1 9 *3 2 9 5 . 0 1 0 3 • 9897 .5 0 4
3 .2 1 1 5 o337 . 0 1 0 5 .9 8 9 5 .5 1 5
3 .2 0 4 *3 4 4 5 .0 1 0 8 .9 8 9 2 .5 2 7
3 .1 9 7 *3 5 1 5 .0 1 1 0 .9 8 9 0 • 537
3 .1 9 0 5
iriri ...v  —
*3'58 .0 1 1 2 .9 8 8 8 . 5 4 6
TABLE2n # W K W iira n  —art
A g r a p h  o f  f r i n g e  n u m b e r  v e r s u s  d i s t a n c e  f r o m  t h e  h o l e  c e n t r e  
c o u l d  n o w  h e  p l o t t e d  f o r  t h e  t w o  s e t s  o f  f r i n g e s  ( n  { a n d  n ^ )  a n d  
c o r r e s p o n d i n g  v a l u e s  r e a d  o f f  a t  s e l e c t e d  d i s t a n c e s » F i g ® 4-0 s h o w s  
n { a n d  o b t a i n e d  f r o m  t h o  p h o t o g r a p h s ®
T h e  f o r m u l a e  d e r i v e d  o n  p 7 6  w e r e  t h e n  u s e d  t o  d e t e r m i n e
n p  a n d  t y  . - Q t C o s f t G . s 6 +  e s i 9 z ( n , G » s e , C o S 0 » . - » a )
/ -  C c / e ,  / ~  C o + a ,  C + a f
T h e  v a l u o s  w e r e  c o m p u t e d  b y  m e a n s  o f  a  1 5  c o l u m n  t a b l e  s h o w n  h e r e  
i n  t w o  h a l v e s ,  a l l o w i n g  f o r  t h e  c h a n g e  i n  a n g l e  w i t h  d i s t a n c e  f o r  t h e
- 9 8 -
!lnj  " f r i n g e s ®
D I S T A N C E
{
r
R a d i i  I n c h e s  
f r o m  f r o m
t h <9, C » i  t l , C o s & t
h o l e  r e f ®
c e n t r e ®
U > ( 2 ) ( 3 ) ( 4 ) ( 5 ) ( 6 ) ( 7 ) .......( 8 )
3 * 8 7  - * 4 5  
3 . 0 7  - . 1 5  
2 * 5 3 7  - * 0 5  
2® 0 0 3  > 2 5  
1 ® 6 0 2  . 4  
1 * 3 3 6  ®5 
j 1 ® 2 0 3  ®55  
: 1 ® 0 0  •• w  . 1
5 . 6 0
5 . 7 7
6 . 2 0
8 . 5 0
1 3 . 4 1
1 9 * 7 2
2 4 * 3 1
3 * 3 8  
3 . 0 1  
2 * 4 7  
3 * 1 3  
5  + 3 7  
9  + 4 8  
1 2 ® 9 4  
20® 5
3 7 q 4 7 * '  
3 7 °  3 2 i '  
3 7 °  22ft-'  
3 7 °  1 2 * '  
3 7 °  5 '  
3 7 °  O'  
3 6 °  5 7 ! '  j
_____ -IT— J
3 6 °  2 0 ’
—  It—
— U—
—  11—
— 11—
— 11—
_  11—
— 11—
. 7 9 0 3
• 7 9 3 0
• 7 9 4 7  
. 7 9 6 4  
. 7 9 7 8  
. 7 9 8 6
. 7 9 9 0
. 8 0 5 6
11
tt
It
II
II
11
II
. 6 3 6 6  
. 6 3 8 9  
•, 6 4 0 1  
J 6 4 1 5
. 6 4 2 7
. 6 4 3 3
. 6 4 3 6
l - G ^ G s ®
( 9 )
rt,(bst$Cy$6l; 
( 1 0 )
n  ^  CoS ^
( 1 1 )
/Ii ( y
( 1 2 )
n / -
Cr> &z
( 1 3 )  ■
1 6 ) 4 1 3 )
■
( 7 M l 2 )
i f )
•  r t p ~  rlo.
• 5 9 4 7 3 . 5 6 5 2 . 1 5 * 1 8 5 3 . 4 5 4 - 5 9 * 2 5
. 5 9 1 8 3 . 6 8 5 1 ® 9 2 * 6 7 5 3 * 8 5 5 . 1 5 5 * 9 2
. 5 9 0 1 3 . 9 7 1 * 5 8 1 * 5 0 ■ 4 * 6 2 6 . 2 2 2 * 0 5
. 5 8 8 5 5 - 4 5 2 . 0 1 2 . 3 2 6 * 4 9 8 . 7 9 3 * 1 7
. 5 8 7 0 8 . 6 1 3 * 4 5 3  + 2 4 5 9 * 9 6 1 3 . 5 2 . 4 + 4 5
. 5 8 6 2 1 2 . 6 9 6® 1 0 3 * 2 1 1 3 * 6 2 1 8 . 5 3 4 * 4 1
. 5 8 5 8 1 5 . 6 4 8 * 3 3 2 * 7 0 1 5 * 9 8 2 1 . 7 6 3 * 7 1
............. — — - - 2 5 . 4 1 0
TABLE 10®
•jvfifvruj
issaaaatii
The v a lu e s  o f  rip and n ^  a r e  shown p l o t t e d  i n  fig.® 41d?d« They w ere 
c o n v e r te d  i n t o  s t r a i n s  u s i n g  e q u a t io n s  (32 ) and ( 3 3 .) helow , d e r iv e d  
from  e q u a t io n s  (17) ,  ( 19) ,  ( 3 ) ) :  D p - X P  } -- K j  ) £  ,£p = P  ~ 2
/ .  =  - f t  ( n P  /  r v  -■ -  -  -  ( 3 +
_  _ . ... ... _  _  (33)
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DISTANCE 
i n  r a d i i
n p d r
( t y  3 9 ) n %
1 j
1
EK*
xlO
£ p
S t r a i n
t
S t r a i n
fo
Remarks
3 . 8 7 4 - 5 9 1 + 9 0 " 2 5 . 0 9 8 1 » 4 4 . 5 1 4 - . 1 7 6
3 . 0 7 5 - 1 5 2 . 0 1 0 ®92 . 3 5 9 tt . 5 4 9 - . 1 2 5
2 . 5 3 7 6 . 2 2 2 . 4 2 6 2 * 0 5 ® 8 0 0 tt . 6 2 0 - * 0 4 3
2 * 0 0 3 8 . 7 9 3 . 4 2 9 3 . 1 7 1 . 2 3 6 ti . 8 6 5 - . 0 3 0 1
l o 6 0 2 1 3 + 2 5 . 2 7 3 4 . 4 5 1 . 7 3 5 it 1 . 3 4 8 - . 0 9 4 V alues  o f  EK
1 . 3 3 6 1 8 . 5 3 7 . 2 2 8 4 . 4 1 1 * 7 2 0 1 . 1 7 0 I . 9 6 5 ~ ° 3 3 0 a l lo w  f o r . f u l l
1 ® 2 0 3 2 1 + 6 8 . 4 8 7 3 . 7 1 I . 4 4 6 1 . 1 8 4 2 . 4 0 6 - 0  5 6 6 i n  s e n s i t i v i t y
1 . 0 0 2 5 . 4 1 9 . 9 1 0i 0 0 1 . 2 2
3 . 1 0 a t  h ig h  s t r a i n  
( s e e  f i g .  4 9 ) .
TABLE 11 ,
The p r i n c i p a l  s t r a i n s  £p and £ c^  a r e  shown i n  f i g a42 ,& ,d ' 0 
R e s u l t s  f o r  A l l  Specim ens u n d e r  a  S in g le  T e n s io n *
A l l  th e  s t r a i n  m easurem ents  a t  o b l iq u e  in c id e n c e  made a t  d i f f e r e n t  
s t r e s s  l e v e l s  and f o r  d i f f e r e n t  specim ens w ere worked o u t  i n  t h e  way 
i l l u s t r a t e d  i n  th© p r e v io u s  7 tab les®  The r e s u l t i n g  s t r a i n s  a r e  
shown i n  g r a p h i c a l  form  and th e  t a b l e  1 2  g iv e s  th e  main f e a t u r e s  o f  
th e  spec im ens and s t r e s s e s  c o r r e s p o n d in g  to  each  g ra p h .
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P i g *
No-.
D e t a i l s
H o l e
d i a m ®
ift-p fT>rses4* . ______ ____ ________
P l a t e
w i d t h
P l a t e
g a u g e
......................, . .........i.
L a y e r
Th®
A p p l i e d  
S t r e s s  
t o p . s . i ®  4
. . . . --------------- --—  .
Y i e l d  S t r e s s  
t . p . s . i .
4 1 )a
4 2 ) a
6" .0 8 4 " 1 " . 0 6 3 ” 1 2 . 6 2 7 . 4
» b 6" .0 8 4 " 1 " *0637* 17.7 2 7 . 4
" c 6" .0 8 4 " 3.tl4 .0 5 7 " 2 0 . 8 2 7 * 4
» d 6 " o o oo .3,14 *057" 2 4 . 2 2 7 . 4
41 e 9" .0 5 8 " f " .0 5 5 " 2 3 . 6 2 6 . 0
4 ! f 1 2 " ®057" i " *0 5 8 " 2 4 a 2 7 * 5
T A B L E  12
I n  f i g .4 1  a r e  p l o t t e d  t h e  v a l u e s  o f  U p  a n d  n ^  m e a s u r e d  a l o n g  
t h e  t r a n s v e r s e  d i a m o t e r  f r o m  t h e  t e s t s  i n  T a b l e  12 ,  b u t  s c a l e d  f o r  
a  l a y e r  t h i c k n e s s  o f  # 0 5 7 " ,  T h e  f a l l  o f  s e n s i t i v i t y  a t  t h e  h o l e  
b o u n d a r y  c a n  b e  s e e n  b y  t h e  c h a n g e  o f  s l o p e  i n  t h e s e  r e g i o n s ®  T h e  
d o t t e d  l i n e s  a r e  c o n t i n u a t i o n s  o f  t h e  h i g h e s t  s l o p e s  o b t a i n e d  b e f o r e  
t h e  f a l l  o f f ,  a n d  p r o b a b l y  g i v o  a  m o r o  c o r r e c t  v a l u e  i n  t h i s  r e g i o n ,  
( d ) ,  ( e )  a n d  ( f )  a r e  f r o m  d i f f e r e n t  t e s t s  w e l l  i n t o  t h e  p l a s t i c  
r e g i o n  w i t h  c l o s e l y  e q u a l  l o a d s .  T h e  n e a r n e s s  o f  t h e s o  t h r e e  c u r v e s  
g i v e s  a  g o o d  i d e a  o f  t h e  a c c u r a c y  o f  t h e  e x p e r i m e n t s ®
I n  f i g . 4 2  a r c  p l o t t e d  t h e  s t r a i n s  c o r r e s p o n d i n g  t o  
( o )  a n d  ( d )  o f  t a b l e  1 2 . T h e  d o t t e d  l i n e s  a r e  a g a i n  c o n t i n u a t i o n s  o f  
t h e  h i g h e s t  s l o p e s  o b t a i n e d ®  T h e  f a l l  i n  s e n s i t i v i t y  a t  t h e  
b o u n d a r y  i s  s e e n  t o  b e  s l i g h t  f o r  c u r v e  a ,  a n d  t o  i n c r e a s e  p r o g r e s ­
s i v e l y  i n  b ? c , d ,  a s  t h e  a m o u n t  o f  p l a s t i c  f l o w  i n c r e a s e s ®
- 1 0 1 -
Tension in Two Directions
The specim en u se d  was o f  . 1 2 8 "  L 7 1  a l l o y ,  th in n e d  down in  th e  
c e n t r a l  r e g io n  t o  < , 0 5 3 ” ( s e e  f i g . 4 3 ) .  The arms were 6 "  wide and 
th e  c e n t r a l  h o le  0®4” diameter®
r
I
J
y /
&
P I G . 4 3
The two t e n s i o n s  were k e p t  a p p ro x im a te ly  e q u a l  a s  th e  lo a d  was 
ax>plied and p h o to g ra p h s  were ta k e n  a lo n g  both- a x es  a t  o b l iq u e  
incidence®  I t  was found  n e c e s s a r y  t o  p u t  in  th e  q u a r t e r  wave p l a t e s  
to  remove sm a ll  i s o c l i n i o s  t h a t  o c c u r re d .
The s t r e s s  i n  th e  c e n t r a l  r e g io n  was d e te rm in e d  from  th e  v a lu e s  
o f  n^ and nc^  o b ta in e d  ( rem o te  from  th e  h o l e ) ,  t o g e t h e r  w i th  th e  
known s e n s i t i v i t y  and t h i c k n e s s  o f  th e  A r a l d i t e  layer®  D e t a i l s  o f  
th e  t e s t  a r e  g iv e n  i n  t a b l e  13*
E W S I O N ?
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TABLE 13 *
F ig . P h o to . A p p lied  Load L ayer Average r j n
No® No® Txi Tg T h ick n ess C e n t r a l  S t r e s s 2 k
t . p . s *  i*
4 4 ) • 1 8 5 ) 1 0 .8 5 1 0 .2 .0 4 9 9 ” 2 0 .2 . 7 0 2
4 5 ) 1 8 6 )
mm 1 7 7 ) 8 * 9 8® 5 u 1 6 .7 .5 8
1 7 8 )
F ig # 44 shows th e  v a lu o s  o f  and n ^  o b ta in e d  a t  maximum lo a d
*
and f i g . 45 shows th e  c o r r e s p o n d in g  s t r a i n s .  I f  th e  y i e l d  p o i n t  i s
m easured  a s  e x p la in e d  on p . 53 and th e  m e ta l  i s  assumed to  f a i l  a t  a
g iv e n  maximum s h e a r  s t r e s s ,  th e  number o f  f r i n g e s  a t  w hich t h i s  o c c u rs
( o b ta in e d  from th e  l a y e r  s e n s i t i v i t y  and th i c k n e s s )  i s  ~ 4*7*
• 6 7 a  f o r * 4  r  #7 0 2 o 
Zk
P h o to g ra p h s  177? 178? g iv e  a v a lu e  ofyO ** /*/*r<s_at -X ^ *58 .
Xh
The p l a s t i c - e l a s t i c  boun dary  th u s  o c c u rs  at^> * 1
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I n  o r d e r  t o  d e t e r m in e  t h e  s e n s i t i v i t y  o f  e a c h  l a y e r  b o n d e d  t o  
t h e  a l l o y ,  a  t e n s i l e  s p e c im e n  w a s  c u t  f r o im  t h e  sam e A r a l d i t e  c a s t i n g ®  
T h i s  w a s  u s u a l l y  b e tw e e n  5 n a n d  8 "  l o n g  w i t h  a  p a r a l l e l  c e n t r a l  
p o r t i o n  o f  b e tw e e n  -j "^ a n d  1 "®  S p e c im e n s  w e r e  m o u n te d  i n  a  H o u n s f i e l d  
T e n s o m e t e r  w i t h  a  m i n i a t u r e  p o l a r i s c o p e  t o  m e a s u re  f r i n g e  n u m b e r  a n d  
a  L i n d l e y  e x t e n s o m e t e r  t o  m e a s u r e  s t r a i n ®
A  t y p i c a l  s e t  o f  r e s u l t s  i s  sh o w n  i n  T a b l e  1 4  a n d  t h e  c o r r e s p o n d ­
i n g  g r a p h  g i v e n  i n  f i g ,  4 9 .
CALIBRATION
T h e  P h o t o e l a s t i c  L a y e r .
T A B L E  14  .
1
D e t a i l s  o f  T e s t F r i n g
No®
f......................... .............. .
e E x t e n s o m e t e r  
R e a d in g  i n  
® 0 0 0 1 "
R e a d in g  
f r o m  zero 
(+ 1 1 0 )
%  S t r a i n  
s  -Jx r d g „
T e n s i l e  s p e c im e n 0 — 0 0
f r o m  A r a l d i t e 4 7 3 * 5 1 8 3 .5 .4 5 9
C a s t i n g  C .3 4 6 1 6 6 .0 2 7 6 .0 .6 9 0
• 5 1 0 " w id e 8 2 5 8 * 5 . 386,-5 .9 2 1
. 0 5 5 "  t h i c k 10 3 5 6 .5 4 6 6 1 5 1 .1 6 6
12 4 4 7 * 5 5 5 7 .5 1 .3 9 4
V ie w e d  i n  m e r c u r y 14 545 65 5 1 .6 3 8
g r e e n  p o l a r i s e d 1 6 6 4 6 . 5 7 5 6 .5 1 .8 9 1
l i g h t  b y  r e f l e c ­ 1 8 7 5 4 8 6 4 2 . 1 6 0
t i o n  a t  n o r m a l 2 0 8 5 7 . 5 967 '. 5 2 . 4 1 9
i n c i d e n c e 22 9 6 7 IO 7 7 2 .6 9 3
L i n d l e y  g a u g e 2 4 1 0 7 3 1183 2 . 9 5 8
2 "  l e n g t h 2 6 1 1 9 2 1 3 0 2 3 .2 5 5
I
A l l  th e  c a s t i n g s  had th e  same nom inal r a t i o  o f  h a rd e n e r  t o  
c a s t i n g  r e s i n ,  h u t  sm a l l  v a r i a t i o n s  o c c u r re d  i n  f r i n g e  s e n s i t i v i t y .  
T ab le  15 g iv e s  t h e  c o n s t a n t s  f o r  th e  v a r i o u s  c a s t i n g s  u se d  i n  th e  
r e s u l t s .
- 1 0 4 -
Specimen
No,
Casting
No.
Tens 
£ Spec 
Dime 
( ir 
width
sile
simen
nsions
iches)
■thick- 
n? sv
No.of Fringes 
for 1 fo 
strain
No.ofFringes 
for 1"thick­
ness & 1  fo 
strain
Young* s 
Modulus
lbs, insu‘
S12 C25 77
S13' C28 *715 ,0982 7*64 77*8- 3 = 9 a lO*
S15 C31 ,894 ,0510 3*953 77*5 4 . 1  -«■ i d
S19 C40 I .0 35 . 0 5 1 1 3*935 77*0 4 . 1  ic?
S20 038 - .0689 5.253 76.3 -
S21 C41 *735 .0530 4.07 77*0 3 = 8 x I f f
TABLE 15
R e f r a c t i v e  Index  o f  A r a l d i t e ,
T h is  was d e te rm in e d  by  u s i n g  p i e c e s  o f  A r a l d i t e  a p p ro x im a te ly  
•J-11 t h i c k  i n  c o n ju n c t io n  w i th  a s h o r t  fo c u s  t r a v e l l i n g  m ic ro sc o p e .  
F o c u s s in g  on th e  u p p e r  s u r f a c e  o f  th e  A r a l d i t e  and th e n  on th e  low er  
s u r f a c e  gave th e  o p t i c a l  t h i c k n e s s .  The a c t u a l  t h i c k n e s s  was 
m easured  by  a m ic ro m e te r  and th e  r a t i o  o f  a c t u a l  t h i c k n e s s  t o  o p t i c a l  
t h i c k n e s s  gave t h e  r e f r a c t i v e  in d e x .  The a v e ra g e  v a lu e  from  a 
number o f  m easurem ents  was 1 .637  ( f o r  a c a s t i n g  r e s i n  t o  h a rd e n e r  
r a t i o  o f  3 s i ) .
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T h e  c y l i n d e r s  a n d  t h e  a s s o c i a t e d  s t r a i n  g a u g e  b r i d g e  h a v e  b e e n  
d e s c r i b e d 8 i n  S e c t i o n  I I I ,  p . 5 1 »  A c a l i b r a t i o n  w a s  c a r r i e d  o u t  
s h o r t l y  a f t e r  m a k i n g  t h e  c y l i n d e r s  a n d  r e p e a t e d  o n  t w o  f u r t h e r  
o c c a s i o n s ,  a t  1 2  m o n t h l y  i n t e r v a l s .  O n l y  s m a l l  c h a n g e s  i n  c a l i ­
b r a t i o n  o c c u r r e d ,  b u t  i t  w a s  f o u n d  n e c e s s a r y  t o  l o a d  t h e  o y l i n d e r s  
c e n t r a l l y  i n  o r d e r  t o  o b t a i n  c o n s i s t e n t  r e s u l t s ®  C o m p r e s s i o n  u p  t o  
7  t o n s  w a s  a p p l i e d  t o  e a c h  c y l i n d e r  i n  t u r n ,  w i t h  s t r a i n  r e a d i n g s  
t a k e n  a t  1  t o n  i n t e r v a l s .  T h e  t e n s i l e  t e s t  m a c h i n e  w a s  t h e n  c h e c k e d  
w i t h  a  p r o v i n g  r i n g  ( c a l i b r a t e d  b y  N . P . L . )
P i g * 5 0  s h o w s  t h e  r e s u l t s  o b t a i n e d *  T h e  c o r r e s p o n d i n g  m e a s u r e ­
m e n t s  a r e  g i v e n  b e l o w ,  a l l  g a u g e  r e a d i n g s  b e i n g  c o n v e r t e d  t o  e q u i v a ­
l e n t  r e a d i n g s  o n  t h e  . 0 5 % s c a l e  o f  t h e  s t r a i n  g a u g e  b r i d g e ' .
T h e  S t r a i n  G a u g e  C y l i n d e r s
D e t a i l s  o f  
T e s t
D e n i s o n  N o »  
2 3 2 6 0
1 0  t o n  r a n g e  
G a u g e  F a c t o r  
o n  B r i d g e  
a t  1 . 9 8
T o n s
C o m p r e s s i o n
0
1
2
3
4
5
6
7
S t r a i n  R e a d i n g s  o n  B r i d g e
C y l . l  C y l  2
0
. 1 1 4
* 2 3 0
.351
* 4 7 4
. 5 9 7
. 7 2 0
+ 3 9
0
1 2 5
248
367
,490
612
7 3 3
. 8 5 3
C y l . 3  C y l . 4
0
. 1 0 9
. 2 2 3
. 3 4 2
. 4 6 2
. 5 8 4
. 7 0 4
. 8 2 4
0
. 1 3 7
. 2 6 7
. 3 9 8  
. 5 2 9  
. 6 6 0  
+ 8 9  
. 9 2 0
D i a l .  
C y l .  5
0
. 1 4 1  
. 2 7 3  
.406 
• 5 3 8  
.670 
. 8 0 1  
. 9 3 6
C y l .  6  
0
. 1 1 0  
. 2 3 0  
. 3 5 2  
. 4 7 4  
• 5 9 6  
+ 1 8  
. 8 4 0
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The y i e l d  p o i n t  was found  t o  v a ry  w i th  th e  d i f f e r e n t  gauge 
s h e e t s , ;  "but a p p e a re d  c o n s i s t e n t  to t 1% o v e r  each  s h e e t  f o r  s p e c i ­
mens cu t  i n  th e  same d i r e c t i o n .  (The ex trem e ed g es  o f  th e  s h e e t  
were n o t  used®) D i f f e r e n c e s  o c c u r re d  w i th  th e  . 0 5 5 ” and .128" a l l p y  
f o r  specim ens c u t  p a r a l l e l  t o  and a t  r i g h t  a n g le s  t o  th e  f i n a l  d i r e c t i o n  
o f  r o l l i n g ,  h u t  th e  ,08 5"  a l l o y  was found  t o  g iv e  c l o s e l y  s i m i l a r  
s t r e s s - s t r a i n  c u rv e s  in  th e  two d i re c t io n s ®
The .055" a l l o y  was u se d  o n ly  f o r  th e  oase  c f  a s i n g l e  t e n s i o n ,  
where s t r e s s e s  i n  r e g i o n s  b f  maximum s t r e s s  were m a in ly  i n  th e  d i r e c ­
t i o n  p a r a l l e l  t o  th e  a p p l i e d  t e n s i o n  ( i . e .  th e  c r o s s - s t r e s s e s  were 
small)® The d i f f e r e n c e  i n  th e  y i e l d  p o in t  i n  th e  two d i r e c t i o n s  was 
th u s  o f  no g r e a t  account® The .128" a l l o y  was u se d  f o r  th e  c a se  o f  
e q u a l  t e n s i o n s ,  h u t  th e  d i f f e r e n c e  i n  y i e l d  p o in t  f o r  th e  two 
d i r e c t i o n s  amounted t o  o n ly  4%®
Some o f  th e  a l l o y  t e s t e d  was h e a te d  f o r  20 h o u rs  a t  120°C<, 
w h ile  fo rm in g  t h i n  f i lm s  o f  c a s t i n g  r e s i n  on th e  surface®  The sm a ll  
change i n  y i e l d  p o i n t  was a l lo w e d  f o r  i n  each  c a se  "by t e s t i n g  s im i­
l a r l y  h e a t - t r e a t e d  t e n s i l e  specimens®
The a v e rag e  t h i c k n e s s  o f  each  specim en was m easured  by a  m ic ro ­
m e te r  t o  within:!* 0*2% and v a r i a t i o n s  were l e s s  th a n  ±  0,3% o v er  a 
3 ” length® The w id th  o f  th e  s h e e t s  was h e ld  c o n s t a n t  t o !  0 , 3 %  and
ESTIMATION OP ACCURACY
The Alloy
Load M easurem enta
Three co m p ress io n  c y l i n d e r s ,  w i th  a p p ro x im a te ly  e q u a l  l o a d s ,  
were u sed  f o r  each  d i r e c t i o n  o f  t e n s i o n .  The s t r a i n  gauges on th e  
c y l i n d e r s  u sed  i n  th e  s i n g l e  t e n s i o n  t e s t s  were fou nd  to  g iv e  m easu re ­
m ents r e p e a t i n g  t o  w i t h in  £  0 .3  fo  on r e  c a l i b r a t e  on. Those on th e
o t h e r  t h r e e  c y l i n d e r s  r e p e a t e d  t o  w i t h i n £ 2%.
U nevenly  d i s t r i b u t e d  lo a d s  were found t o  cau se  e r r o r s  when 
c a l i b r a t i n g .  However, th e  e r r o r  in  th e  t e s t s  from  t h i s  c a u s e ,  
a v e ra g e d  o ve r  t h r e e  c y l i n d e r s ,  i s  u n l i k e l y  t o  be more t h a n t  1%.
The s t r a i n  gauge b r id g e  was found  t o  g iv e  c o n s i s t e n t  r e a d in g s  on 
a l l  r a n g e s  ( w i t h in *  0.2% o f  f u l l  s c a l e  r e a d i n g ) . The lo a d  m easu re ­
ment f o r  each  s i n g l e  t e n s i o n  t e s t  i s  t h e r e f o r e  e x p e c te d  t o  be w i th in  
£  1•§% o f  th e  t r u e  v a l u e .  M easurement o f  th e  p e r p e n d i c u l a r  t e n s i o n  
i s  e s t im a te d  t o  be w i th in - 3 % «
The Layero
F r i n g e - s t r a i n  s e n s i t i v i t y  was found  to  r e p e a t  t o  w i t h i n t  !■§% f o r  
a l l  th e  c a s t i n g s  t e s t e d .  The m a j o r i t y  of c a s t i n g s  u sed  in  th e  t e s t s  
had t h e i r  own c a l i b r a t i o n  so  t h a t  th e  e r r o r  in  s e n s i t i v i t y  i s  u n l i k e l y  
t o  be more th a n  £ 1% from  th e  t r u e  v a lu e .
V a r i a t i o n s  i n  th e  g lu e  and f i l m  t h i c k n e s s e s  made i t  n e c e s s a r y
t h e  a v e r a g e  w i d t h  m e a s u r e d  t o  w i t h i n i  0 .3 % *
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t o  m easure  th e  t o t a l  A r a l d i t e  t h i c k n e s s  i n  r e g io n s  where s t r a i n  
m easurem ents were made® U s u a l ly ,  a t r a v e l l i n g  m ic ro sco pe  was u se d  
t o  m easure  th e  a p p a re n t  d e p th  w hich  was m u l t i p l i e d  by th e  r e f r a c t i v e  
in d e x  o f  th e  A r a l d i t e  (known t o  w i th in  £ 0 o 2°/0) 0 The e r r o r  i n  t o t a l
t h i c k n e s s  i s  e s t im a te d  t o  be w i t h in  -  1%,
I n i t i a l  s t r e s s e s  a f t e r  b o n d in g  were r a r e l y  more th a n  0,2 f r i n g e s
and a p p ea re d  c lo s e  t o  z e ro  o ve r  th e  m a j o r i t y  o f  e ac h  c a s t in g *
F r in g e  M easurem ent.
N e a r ly  a l l  m easurem ents  have been  made a t  f r i n g e  maxima o r  minima; 
g ra p h s  were p l o t t e d  t o  f i n d  f r i n g e  v a lu e  a t  i n t e r m e d i a t e  p o i n t s .  
M easurem ents t o  w i t h in  0 !  f r i n g e s  can be made by t h i s  method even 
where th e  f r i n g e s  a r e  packed  c l o s e l y ,  u n l e s s  to o  f a i n t  t o  be r e s o l v e d
i
by th e  t r a v e l l i n g  m ic ro sc o p e .  F r in g e  numbers r o s e  t o  beyond 20 
in  h ig h ly  s t r e s s e d  r e g i o n s  u n d e r  a  s i n g l e  t e n s i o n  and up t o  8 f o r  
th e  t e s t s  w i th  e q u a l  t e n s i o n s .
O blique  I n c i d e n c e .
F a c to r s  t h a t  e n t e r  i n t o  th e  c a l c u l a t i o n  o f  th e  i n d i v i d u a l  
p r i n c i p a l  s t r a i n s  a t  any p o i n t  a r e s -
1 . The r e f r a c t i v e  in d e x  o f  th e  A r a l d i t e ,  w hich  i s  known t o
t  0 .2 $
2 .  The r e f r a c t i v e  in d e x  o f  p r ism  m a t e r i a l .  The p r ism  u s u a l l y
h a s  h a d . - p e r s p e x  s i d e s  c o n t a i n i n g  l i q u i d  p a r a f f i n ,  w h o s e  r e f r a c t i v e  
i n d e x  w a s  o b t a i n e d  f r o m  t a b l e s  a n d  c h e c k e d  e x p e r i m e n t a l l y  t o  w i t h i n
1 0 .456.
3# T h e  a n g l e ® o f  t h e  p r i s m ,  w h i c h  h a s  b e e n  k e p t  a t  4 5 °  w i t h i n
4-1°—  4 •
4 .  T h e  r e f e r e n c e  l i n e s  o n  s p e c i m e n  a n d  p h o t o g r a p h i c  n e g a t i v e  w h i c h  
h a v e  b e e n  m e a s u r e d  t o  w i t h i n  -  0 . 2 % .
5 .  T h e  a n g l e  o f  o b l i q u i t y  o f  t h e  l i g h t  i n  t h e  l a y e r , w h i c h  h a s  b e e n  
d e t e r m i n e d  f r o m  t h e  a b o v e  f o u r  f a c t o r s .  C a l c u l a t i o n ? o f  t h e  s t r a i n s  
d e p e n d s  t o  a  m a r k e d  e x t e n t  o n  t h e  t w o  a n g l e s  o f  t h e  t w o  p e r p e n d i c u l a r  
p h o t o g r a p h s ^  b o t h  a n g l e s  b e i n g  i n  e r r o r  o a n  c a u s e  a  3  3 % e r r o r  i n  
s t r a i n  v a l u e s .
6 .  L o c a t i o n  o f  t h e  f r i n g e s .  B y  m e a n s  o f  a  t r a v e l l i n g  m i c r o s c o p e  
a n d  t h e  u s e  o f  t h e  r e f e r e n c e  l i n e s ,  i t  h a s  b e e n  p o s s i b l e  t o  l o c a t e  
f r i n g e s  n e a r  t h e  h o l e  t o  w i t h i n  . 0 1 "  o n  t h e  s p e c i m e n .
A t  o b l i q u e  i n c i d e n c e ,  t h e  r a y s  e n t e r  a n d  l e a v e  b y  d i f f e r e n t  
p a t h s ,  g i v i n g  a n  a v e r a g e  o v e r  t h e  t o t a l  p a t h  l e n g t h .  F o r  a n  a n g l e  
o f  r e f r a c t i o n  o f  4 5  9 t h e  e f f e c t i v e  g a u g e  l e n g t h  i s  J 2  x  t h i c k n e s s  o f  
t h e  l a y e r ,  i . e .  a b o u t  „ 0 8 M f o r  m o s t  o f  t h e  s p e c i m e n s  u s e d .
I n  r e g i o n s  w h e r e  p l a s t i c  f l o w  o c c u r s  i n  t h e  m e t a l ,  a  v e r t i c a l  
s t r e s s  m a y  e x i s t  i n  t h e  l a y e r .  T h i s  h a s  t h e  e f f e c t  o f  r e d u c i n g  t h e  
v a l u e s  o f p a n d ^ o b t a i n e d  b y  a n  a m o u n t  e q u a l  t o  t h e  a v e r a g e  v e r t i c a l  
s t r e s s  t h r o u g h  t h e  t h i c k n e s s  o f  t h e  l a y e r  ( 3 0 ) .
- 1 0 9 -
The r e s u l t s  o b ta in e d  a p p e a r  to  have an i n d i v i d u a l  a c c u ra c y  o f  
w i t h i n  £  5%  and c o l l e c t i v e l y ,  b e t t e r  th a n  th is®  They a p p ly  t o  th e  
co m pos ite  s t r e s s - s t r a i n  cu rv e  o f  a l l o y  p lu s  l a y e r  b u t  may be a p p l i e d  
t o  th e  c ase  o f  a l l o y  a lo n e  where th e  p l a s t i c  s t r a i n s  a r e  o f  th e  same 
o r d e r  a s  th e  e l a s t i c  s t r a in s ®
A good id e a  o f  th e  o v e r a l l  a c c u ra c y  may be o b ta in e d  from  c u rv e s  
d , e , f ,  o f  f i g . 41* These a r e  from  t h r e e  d i f f e r e n t  spec im ens u n d e r  
c l o s e l y  e q u a l  lo a d s  ( i . e .  e q u a l  r a t i o s  o f  T« 2k)® The specim ens 
were w i th  d i f f e r e n t  p r i s m s ,  d i f f e r e n t  a n g le s  o f  o b l i q u i t y ,  d i f f e r e n t  
gauges  o f  m a t e r i a l  and d i f f e r e n t  r a , t i o s  o f  p l a t e  w id th  t o  h o le  
d ia m e te r ,  y e t  t h e y  gave c l o s e l y  e q u a l  c u rv e s  w e l l  i n t o  th e  p l a s t i c  
region®
G e n e r a l®
Comparison w i th  G r i f f i t h s  E x p er im e n ts  u n d e r  a S in g le  T e n s io n *
G r i f f i t h s  e x p e r im e n ta l  work h as  been  d e s c r ib e d  on p . 11* F igs*
5 1 ? 53? 54? a re  t r a c i n g s  from  f ig s* 4 ?  3? 6, in  h i s  p a p e r ,  w i th
com parab le  r e s u l t s  o f  th e  p r e s e n t  work su pe rim posed  in  b ro k en  l in e *
F ig * 51 shows th e  s t r e s s - s t r a i n  c u rv e s  of?
a) 24S-T a l l o y
b) L7 1  a l l o y
0) L71 w i th  an e q u a l  t h i c k n e s s  o f A r a l d i t o ,
Curve c) i s  p l o t t e d  w i th  th e  s t r e s s  red u c ed  by  4$  ( s e e  p .3 5 ) .
The s t r e s s - s t r a i n  c u rv e s  a r e  r e p l o t t e d  i n  f i g . 52 w i th  th e  s t r e s s
T a s  a f r a c t i o n  o f  th e  y i e l d  s t r e s s  2k, and th e  s t r a i n  a s  a f r a c t i o n
o f  th e  s t r a i n  a t  th e  y i e l d  p o i n t  ( e s ) -  The c u rv e s  f o r  24S-T a l l o y  
and L71 (unbonded) now c o in c id e  t o  form  a s i n g l e  c u rv e .  T h is  i s  
u sed  a s  th e  b a s i s  o f  com parison  f o r  th e  two s e t s  o f  r e s u l t s .
F i g . 53 shows th e  s t r a i n s  a t  th e  p o in t  of maximum s t r a i n  concen­
t r a t i o n .  At t h e s e  p o i n t s ,  G r i f f i t h s  used  -g" e le c t r o m a g n e t i c  g au g es , 
s p e c i a l l y  c o n s t r u c t e d  t o  be a c c u r a t e  a t  h ig h  s t r a i n  , p la c e d  i n s i d e  
th e  4" d ia m e te r  h o l e .
F a i e r b e r g  ( 8 ) ,  i n  h i s  t h e o r e t i c a l  p a p e r ,  makes r e f e r e n c e  t o  an 
e x p e r im e n ta l  d e te r m in a t io n  o f  th e  maximum s t r a i n  c o n c e n t r a t i o n  w i th  
a  p l a t e  s i z e  o f  800 x  180 x 5ram and a h o le  o f  30 mm d ia m e te r ,  u s in g  
m ec h an ica l  e x te n s o m e te rs  w i th  a b a se  e q u a l  t o  2mm. H is r e s u l t s  
a g re e  w e l l  w i th  G r i f f i t h s ,  c o n f i rm in g  th e  a c c u ra c y  o f  th e  m easurem ents
COMPARISON OF RESULTS-*
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T h e  b r o k e n  l i n e  i n  f i g ® 5 3  s h o w s  t h e  r e s u l t s  o b t a i n e d  i n  
t h e  p r e s e n t  w o r k  w i t h  b o n d e d  L 7 1  ( t h e  s t r a i n s  b e i n g  r e d u c e d  b y  t h e
r a t i o  f o r  p u r p o s e s  o f  c o m p a r i s o n ) .  T h e  r e s t r a i n i n g
Ss fo r L7f
i n f l u e n c e  o f  t h e  l a y e r  i s  s e e n  i n  t h e  h i g h e r  s t r e s s  r e q u i r e d  t o  
p r o d u c e  t h e  s a m e  s t r a i n  c o n c e n t r a t i o n  a t  t h e  h o l e  e d g e .
P i g ®  5 4  s h o w s  t h e  s t r a i n s  a l o n g  a  t r a n s v e r s e  l i n e  f r o m  t h e  
h o l e  c e n t r e ®  T h e  o r i g i n a l  f i g u r e  f r o m  w h i o h  t h i s  c u r v e  w a s  t r a c e d  
w a s  d r a w n  i n  a  " t h r e e  d i m e n s i o n a l "  m a n n e r  w i t h  t h e  a v e r a g e  n e t -  
s e c t i o n  s t r e s s  a s  i t s  t h i r d  p a r a m e t e r ®  T h e  h i g h e s t  o u r v e
3
h a s  b e e n  r e p r o d u c e d  ( 0 ^ t/^ 4 5 ° l a  l b s ® / s q ®  i n ® )  ® T h e  t o p m o s t  p o i n t  i n  
f i g ® 5 4  i s  c o r r e c t ,  s i n c e  i t  w a s  d e t e r m i n e d  b y  t h e  e l e c t r o m a g n e t i c  
g a u g e s ®  H o w e v e r  t h e  o t h e r  p o i n t s  w e r e  m e a s u r e d  b y  w i r e  r e s i s t a n c e  
g a u g e s ®  G r i f f i t h  e s t i m a t e s  t h e s e  t o  b e  c o r r e c t  w i t h i n  2% u p  t o  
o n l y  0 . 2 4 %  s t r a i n ,  a b o v e  w h i c h  t h e  a c c u r a c y  f a l l s ®  T h e  l o w  e n d  o f  
h i s  c u r v e ( a p p r o a c h i n g  t y 6 s )  a p p e a r s  t o  b e  a b o u t  8% a b o v e  t h e  c o r r e c t  
v a l u e  d e t e r m i n e d  f r o m  t h e  v a l u e s  o f  0 ^  a n d  t h e  t e n s i l e  m o d u l u s ®
A c o m p a r a b l e  o u r v e  f r o m  t h e  p r e s e n t  w o r k  i s  s h o w n  a s  a  b r o k e n  
l i n e  i n  f i g ® 5 4 °  T h i s  i s  a b o u t  4% b e l o w  t h e  c o r r e c t  v a l u e  o f  
a t  t h e  l o w  e n d  (  »  6 a ) »  I t  r e m a i n s  b e l o w  G r i f f i t h ’ s  c u r v e  b u t
f o l l o w s  i t s  s h a p e  c l o s e l y ®
Comparison w i th  P a i e r b e r g ’ s T heory  f o r  a S in g le  T e n s io n ®
T h e  m e t h o d  P a i e r b e r g  ( 8 )  u s e d  t o  o b t a i n  a  s o l u t i o n  h a s  b e e n  
o u t l i n e d  o n  p o i l .  I n  f i g s ®  1 9  a n d  2 0  o f  h i s  p a p e r  h e  p l o t s
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a p p l i e d  lo a d  ( a s  *  ) a g a i n s t  th e  s t r a i n  ( a s  f  ) a t  s e v e r a l  p o i n t sf #  vs
a lo n g  th e  t r a n s v e r s e  d ia m e te r  f o r  r a t i o s  o f p l a t e  w id th  t o  h o le
d ia m e te r  o f  (a )  6 s i  and (b )  7 s i  
c u rv e s  a r e  shown below®
(a )  ( 6a)
R ead ings t a k e n  from  th e s e
t £ / £ $  f o r ' l
r *  4 a r *  / a f :  0 .
. 8 1 * 3 5 3 * 7 8 . 7
. 7 . 8 5 2 . 3 5 5 * 4
. 6 . 6 1 . 4 3 * 1 3
• 5
.
* 4
....
* 9 1 . 9
X e / £ s f o r  *
zk
f f e  7 a r ? 2 < x t *  -  a
. 8 * 5 2 - 5 4 * 3 3 9 . 6
= 7 * 3 5 1 * 5 7 2 . 6 .lY 5 . 7 5
. 6 * 2 9 * 9 1 . 4 5 2 . 8 5
« 5 * 3 . 6 . 8 5 1 . 7
1____ _ .
In  f i g „ 5 5 ,  v a lu e s  o f  s t r a i n  f o r  T /2k  ^  .7  a r e  p l o t t e d  t o g e t h e r  
w i th  th o s e  o f  th e  p r e s e n t  e x p e r im e n ta l  work a t  T /2 k ~  .77° T h is  h ig h e r  
lo a d  more th a n  com pensa tes  f o r  th e  r e s t r a i n i n g  i n f lu e n c e  o f  th e  l a y e r  
and th e  t h e o r e t i c a l  s t r a i n  v a lu e s  sh o u ld  be sm aller®  However, i t  
can  be se en  t h a t  th o u g h  th e  th e o r y  a g re e s  a p p ro x im a te ly  w i th  
e x p e r im e n t  a t  r  «*a and r « 5 & j t h e  t h e o r e t i c a l  s t r a i n s  a re  c o n s id e r a b ly  
l a r g e r  i n  th e  r e g io n  between® T h is  .d i f f e r e n c e  i s  p ro b a b ly  due t o  th e  
shape and e x t e n t  o f  t h e  p l a s t i c - e l a s t i c  boun dary  deduced by F a i e r b e r g ,  
on e x te n d in g  h i s  s o l u t i o n  from  a t h i n  r i n g  t o  a h o le  in  a p late®
F i g ®56 shows th e  p l a s t i c - e l a s t i c  boundary  o b ta in e d  by Fa ierberg®
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The p h o t o e l a s t i o  p a t t e r n s  from  th e  p r e s e n t  work w i th  a 
s i n g l e  t e n s i o n  a t  lo a d s  o f  T /2k  s  ,8  o r  more a re  shown in
f i g * 34° The p l a s t i c - e l a s t i c  boundary  does n o t  e x te n d  f a r  
a lo n g  th e  t r a n s v e r s e  d ia m e te r  b u t  sp re a d s  ou t a t  a p p ro x im a te ly  
35° t o  t h i s  d i r e c t i o n *
A no the r  f e a t u r e  o f  F a i e r b e r g ' s  t h e o r y  w hich  i s  u n l i k e l y  
t o  be c o r r e c t  i s  t h a t  he o b t a i n s  h ig h e r  s t r a i n s  f o r  th e  l a r g e r  
p l a t e  w idth*
Comparison w i th  T heory  f o r  Two E qual T en s io n s
Hodge, i n  b o th  o f  h i s  p a p e rs  ( 5)? ( 6 ) ,  d e a l s  w i th  th e  
c o n d i t i o n  o f  g e n e r a l i s e d  p la n e  s t r e s s  w hich i s  a l s o  v a l i d  f o r  th e  
p r e s e n t  e x p e r im e n ta l  work* In  o rd e r  t o  compare . h i s  second  
p a p e r  ( a l l o w in g  f o r  work h a r d e n in g ) ,  th e  com p os ite  s t r e s s - s t r a i n  
cu rve  o f  L71 +■ A r a l d i t e  h a s  been  u sed  t o  d e te rm in e  h i s  p a ra m e te r  
"n" ( s e e  f ig *  2)* Hodge i n d i c a t e s  th e  method o f  s o l u t i o n  f o r  
a s t r e s s - s t r a i n  cu rve  o f  t h r e e  segm ents , b u t  g iv e s  th e  f u l l  
e q u a t io n s  o n ly  i n  th e  c a se  o f  two segm ents ( i . e .  l i n e a r  s t r a i n  
h a r d e n i n g ) * The cu rv e  f o r  L71 A r a l d i t e  h a s  t h e r e f o r e  been  
ap p ro x im a ted  t o  two segm ents  AB, BC, a s  shown i n  f ig *  57°
The maximum s t r a i n  i n  th e  t e s t s  o c c u rs  a t  C. ( a p p ro x im a te ly  1%); 
l i n e  BC h as  been  a r r a n g e d  t o  form  e q u a l  a r e a s  above and below  th e  
t r u e  s t r e s s - s t r a i n  c u rv e ,  m e e tin g  th e  i n i t i a l  s lo p e  a t  B, T h is  
l e a d s  t o  n s  *289*

In  fig® 58? ^  and a^show th e  s t r a i n s  ( £ ^ a n d ^ )  from  th e
th e o r y  f o r  T/21c ^ 1*4? b^and a r e  th e  s t r a i n s  from  Hodge’ s
fo rm er  t h e o r y  a ssum ing  th e  T re s c a  y i e l d  cond ition®  The e x p e r im e n ta l
p o i n t s  ( f ro m  p„102) a r e  shown a s  sm a ll  c i r c le s®  They l i e  above th e
t h e o r e t i c a l  v a lu e s  o f  b u t  a r e  i n  good ag reem ent w i th  th e  c u rv e s  o f
g  , p a r t i c u l a r l y  a. ®
©  *
In  f ig ® 59? ( a )  shows th e  p l a s t i c - e l a s t i c  bou ndary  ( o f  r a d i u s jO  ) 
p r e d i c t e d  by th e  s t r a i n  h a rd e n in g  theory® (b )  shows th e  b o u nd ary  
g iv e n  by h i s  p r e v io u s  paper® The e x p e r im e n ta l  p o i n t s  a r e  a g a in  
shown a s  sm a ll  c i r c le s ®  I t  can be seen  t h a t  th e  p r e d i c t e d  p l a s t i c ^  
e l a s t i c  b o u n d a ry ,  on a l lo w in g  f o r  work h a rd e n in g ,  a g r e e s  w e l l  w i th  
experiment®
Ga'lin ( 7 ) d e a l s  w i th  th e  c a se  o f  p la n e  s t r a i n ,  where a t h i r d  
p r i n c i p a l  s t r e s s  e x i s t s  e q u a l  t o  ^ ( p + q . )  Thus i n  r e g io n s
where q € 9'j* 9 maximum s h e a r  o c c u rs  i n  th e  x ,  y p la n e  and i s
g iv e n  by i ( p - q ) .  Y ie ld  u n d e r  th e  T reso a  c o n d i t i o n  w i l l  t h e r e f o r e
o c cu r  a t  ( p -q )  s  2k®
I f  we were t o  assume th e  p r e s e n t  e x p e r im e n ts  t o  be p e rfo rm ed  
u n d e r  th e  c o n d i t i o n  o f  p la n e  s t r a i n , ,  th e  (T re s o a )  y i e l d  c r i t e r i o n  
would be p~q s  21c o r ,  i n  te rm s  o f  s t r a i n  B p ^ G ^  constan t®  Viewing 
th e  r e s u l t s  o f  th e  t e s t s  on p ®92 and p ®102  u n d e r  t h i s  a s su m p tio n ,  
th e  p l a s t i c - e l a s t i c  bou ndary  a p p e a rs  * fo r  -STS’
f o r  y / z k  9 ^9 s* / 9J?^*cifor ^ / x k " 47o2j shown a0 d ° t t e d  c i r c l e s  t o g e t h e r
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w i th  G a l i n ’ s p r e d i c t e d  p l a s t i c - e l a s t i c  b o u ndary  i n  f i g . 60®
S in c e  th e  t e s t s  were u n d e r  th e  c o n d i t i o n  o f  ( g e n e r a l i s e d )  
p la n e  s t r e s s ,  i t  i s  t o  be e x p e c te d  t h a t  th e  p o i n t s  would l i e  
above th e  t r u e  c u rv e ,  d e v i a t i n g  f u r t h e r  and f u r t h e r  as  th e  
p l a s t i c  r e g io n  spreads® The p o i n t s  th u s  g iv e  an u p p e r  l i m i t  
t o  th e  e x t e n t  o f  th e  p l a s t i c - e l a s t i c  boundary  i n  th e  case  o f  
p la n e  s t r a i n  and i t  oan be se en  t h a t  G a l i n ’ s s o l u t i o n  l i e s  c lo s e  
t o ,  and under  t h e s e  poin ts®
The method o f  a bonded p h o t o e l a s t i c  l a y e r  h a s  been  u sed  
s u c c e s s f u l l y  to  m easure  s t r a i n s  i n  e l a s t i c  and p l a s t i c  r e g io n s  a rou nd  
a h o le  i n  a t h i n  a lum in ium  a l l o y  p late®  C le a r  and sy m m etr ica l  
p h o t o e l a s t i c  p a t t e r n s  were o b ta in e d  u s in g  a  r e f l e c t i o n  p o l a r i s c o p e  
s i t u a t e d  above th e  specimen?; th e  l a t t e r  b e in g  lo a d e d  in  e i t h e r  one 
o r  two d i r e c t i o n s  by  means o f  a s p e c i a l l y  c o n s t r u c t e d  t e n s i o n  tab le®
The p rob lem  o f  g r i p p in g  wide specim ens i n  s h e e t  form  h as  been  
overcome by b o n d in g  t a p e r e d  end p i e c e s  on t o  th e  s u r f a c e s  o f  th e  
specimens® T h is  has  e n a b le d  th e  a p p l i e d  s t r e s s  t o  a p p ro a ch  c l o s e l y  
t o  th e  t e n s i l e  l i m i t  o f  th e  a l l o y ,  w i th  u n ifo rm  t e n s i o n  i n  th e  
c e n t r a l  region®
By c a r e f u l  m ix in g ,  m ac h in in g  and a n n e a l in g ,  t h i n  s t r e s s  f r e e  
c a s t i n g s  o f  A r a l d i t e  have been  p roduced  f o r  th e  p h o t o e l a s t i c  layer®
A method o f  b o n d in g  t h a t  gave low i n i t i a l  s t r e s s e s  have b een  d e v e lo p e d ,  
c o v e r in g  th e  a l l o y  w i th  a t h i n  f i l m  o f  h e a te d  A r a l d i t e  r e s i n ,  th e m  
b o n d in g  on th e  c a s t i n g  w i th  a c o ld  s e t t i n g  A r a l d i t e  glue®
The a d v an tag e  o f  a bonded l a y e r  i s  t h a t  i t  e n a b le s  th e  mag­
n i tu d e  and d i r e c t i o n  o f  s t r a i n s  t o  be m easured  a t  a l l  p o i n t s  on th e  
s u r f a c e  o f  a specim en even th o u g h  p l a s t i c  s t r a i n s  a r e  p r e s e n t  i n  th e  
metal® Thus more i n f o r m a t io n  i s  o b ta in e d  th a n  from  an a r r a y  o f  
s t r a i n  g a u g es ,  w hich  can n o t  d e te rm in e  th e  m agnitude  and d i r e c t i o n
-117-
CONCLUSIONS
o f  p r i n c i p a l  s t r a i n  i n  r e g io n s  where s t r e s s  and s t r a i n  a re  n o t  
l i n e a r l y  r e l a t e d .
An a c c u ra c y  o f  w i t h in  £ 5% has been  o b ta in e d  ( u s i n g  norm al 
in c id e n c e  and o b l iq u e  in c id e n c e )  f o r  th e  com po s ite  s t r e s s - s t r a i n  
cu rve  o f  th e  a l l o y  and layer® The l a y e r  e x e r t s  a r e s t r a i n i n g  
in f lu e n c e  on th e  m e ta l  i n  r e g io n s  o f  p l a s t i c  f lo w , b u t  th e  r e s u l t s  
o b ta in e d  may be a p p l i e d  t o  t h e  case  o f  a l l o y  a lo n e  ( i . e . u n r e s t r i c t e d )  
w i th  l i t t l e  l o s s  o f  a c c u ra c y  f o r  sm a ll  p l a s t i o  s t r a i n s .
M easurem ents i n  th e  l a y e r  f a l l  below  th e  t r u e  v a lu e  a t  f r e e  
b o u n d a r ie s  where l a r g e  p l a s t i o  s t r a i n s  o c c u r .  However, m easurem ents 
a p p e a r  r e l i a b l e  up t o  a d i s t a n c e  from  th e  boundary  w hich  i s  a p p ro x i ­
m a te ly  e q u a l  t o  th e  t h i c k n e s s  o f  th e  l a y e r .  Thus m easurem ents a re  
r e l i a b l e  up t o  l / l 6 "  from  a bound ary  i n  th e  p r e s e n t  work w i th  l a y e r s  
o f  l / l 6 n o r  l e s s .  Where th e  p l a s t i c  s t r a i n s  a t  a  boundary  a re  sm a ll  
( e . g .  f o r  th e  t e s t s  w i th  e q u a l  t e n s i o n s )  th e  e r r o r  i s  sm a ll  even a t  
th e  b o u n dary  e d g e .
The method o f  o b l iq u e  in c id e n c e  h as  been  m o d if ie d  f o r  u se  w i th  
a bonded l a y e r ,  i n  o r d e r  t o  s e p a r a t e  th e  p r i n c i p a l  s t ra in s®  The 
m easurem ents a t  any p o i n t  r e l y  o n ly  on a sm a ll  a r e a  su r ro u n d in g  th e  
p o i n t ,  and th u s  a v o id  th e  c u m u la t iv e  e r r o r s  o f an i n t e g r a t i n g  p r o c e s s .  
The method g iv e s  good a c c u ra c y  i n  e l a s t i c  and p l a s t i c  r e g io n s  p ro ­
v i d in g  a number o f p r e c a u t i o n s  a re  o b se rved  w i th  r e s p e c t  t o  f r i n g e  
l o c a t i o n  and m easurement o f  th e  a n g le  o f  o b l iq u i ty ®
/T e s t s  on specim ens p h o to g rap h e d  a t  norm al i n c i d e n c e ,  have g iv e n  
th e  s t r a i n  d i s t r i b u t i o n  ( a s  c o n to u r s  o f  £P -  and th e  shape o f  th e  
p l a s t i c - e l a s t i c  b o u n d a ry  w i th  i n c r e a s i n g  lo a d .  A r a d i a l l y  sy m m etr ica l  
p a t t e r n  was o b ta in e d  u n d e r  e q u a l  t e n s i o n s ,  show ing t h e  p l a s t i c - e l a s t i c  
boundary  t o  be a c i r c l e .  In  th e  c a se  o f  a s i n g l e  t e n s i o n ,  p l a s t i c  
a r e a s  commenced a t  th e  h o le  edge a t  p o i n t s  a lo n g  th e  t r a n s v e r s e  
d ia m e te r ,  s p r e a d in g  s lo w ly  a lo n g  and away from  th e  b o u n d a ry .  At 
l a r g o  v a lu e s  o f  s t r e s s ,  p l a s t i c  r e g io n s  sp re a d  o u t  a t  a p p ro x im a te ly  
35° from  th e  t r a n s v e r s e  d ia m e te r ,  and t h e r e a f t e r  i n c r e a s e d  r a p i d l y  
i n  t h i s  d i r e c t i o n o
L i t t l e  d i f f e r e n c e  h a s  been  o b se rv ed  w i th  r a t i o s  o f  p l a t e  w id th  . 
t o  h o le  d ia m e te r  w hich  ran g e d  from  6 s i  t o  24§1  ? i t  t h e r o f o r e  
a p p e a rs  t h a t  a  h o le  i n  a  p l a t e  o f  s i x  t im e s  i t s  d ia m e te r  o r  more w i l l  
behave i n  a o l o s e l y  s i m i l a r  way t o  a h o le  i n  an i n f i n i t e  p l a t e ,  a t  
l e a s t  u n t i l  th e  s t r e s s e s  a r e  s u f f i c i e n t l y  h ig h  to  cau se  th e  p l a s t i c  
r e g i o n s  t o  s p re a d  o u t  from  th o  t r a n s v e r s e  d ia m e te r .
M easurem ents a t  o b l iq u e  in c id e n c e  on spec im ens u n d e r  a s i n g l e  
t e n s i o n  have been  c o n c e n t r a t e d  m a in ly  a lo n g  th e  t r a n s v e r s e  d ia m e te r .  
Com parison w i th  F a i e r b e r g ’ s t h e o r y  shows c o n s id e r a b le  d is a g re e m e n t  
b o th  a s  to  t h e  s t r a i n s  o b ta in e d  and th e  shape and e x t e n t  o f  th e  
p l a s t i c - e l a s t i c  b o u n d a ry .
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T h e  t e s t s  w i t h  e q u a l  t e n s i o n s  h a v e  b e e n  c o m p a r e d  w i t h  tw o
t h e o r i e s  by Hodge u n d e r  th e  c o n d i t i o n  of g e n e r a l i s e d  p la n e  s t r e s s  
and have been  u se d  a s  an u p p e r  l i m i t  f o r  G a l i n ' s  t h e o r y  o f  p lan e  
s t r a i n .  Good ag reem ent has  been  o b ta in e d ,  e s p e c i a l l y  w i th  Hodge’ 
second  th e o r y  a l lo w in g  f o r  work h a rd e n in g .
APPENDICES
A. Summary of Two-Dimensional Elasticity
i n  Complex C o - o r d i n a t e s 0
Complex p o t e n t i a l s  have been  u sed  f o r  G a l i n ' s  s o l u t i o n  f o r  
e q u a l  t e n s i o n s  * A summary o f  tw o -d im e n s io n a l  e l a s t i c i t y  in  
complex c o - o r d i n a t e s  i s  t h e r e f o r e  g iv en  below .
The u s u a l  e q u a t io n s  o f  e q u i l i b r i u m  and s t r e s s - s t r a i n  r e l a t i o n s  
4^ -----—' l i f i e d  by  t r a n s f o r m in g  to
The c a r t e s i a n  s t r e s s  components may be combined t o  form  th e  
s t r e s s  c o m b in a t io n s
W ith th e s e  s u b s t i t u t i o n s ,  th e  e q u a t io n s  o f  e q u i l i b r i u m  ( f o r  no body
a  X  +  I Jj I
f  *  X  -  to j
- ( 3  9 )
O S ' )
f o r c e )  t a k e  th e  fo rm  ^  @  ^  ^  Y  _
11 T  ’ - .ri^» «*
" & z  ‘5 2
J
Where b a r s  d e n o te  c o n ju g a te  complex q u a n t i t i e s .
- 1 2 2 -
I f  3 ) s u .+ 6 \ r i s  t h e  complex d is p la c e m e n t ,  th e  s t r e s s - s t r a i n  
r e l a t i o n s  t a k e  th e  form
0 - z v ) ®  -
( / - 2 ^ 0 3  *  ^ Q ^ ( U 4 % i ) + 0 - 7 ' ) ’^ ] / 
(3 Sr)
Plane  S t r a i n  The c o n d i t i o n  o f  p lan e  s t r a i n  i s  d e f in e d  b y c o - 0  }
r\ 'jfj
~  - D  and th e  above e q u a t io n s  may be s o lv e d  i n  te rm s  o f  two 
f u n c t i o n s  o f  th e  complex v a r i a b l e Z * L e t th e s e  complex p o t e n t i a l s  
be vftfe) and u )  (A) e Then, where K ~  3~*h*j s-
g-qj> «  /< J l t e )  ~  z  J i ' i z - )  - t i j ' t i . )  (3 9 )
£ < £ > -  J i ' c * )  +  Y c z )  ?
S
2  ( 5  a  2  J2. (-2 ) + - W  ( x . )  J
(4 o )
<•'+
S in ce  o n ly  d e r i v a t i v e s  o f  th e  complex p o t e n t i a l s  o c cu r  i n  
cat th e  s t r e s s  c o m b in a t io n s  may a l s o  be w r i t t e n
A ®  -  t > < ( z )  +  £ ( ■ % )
- y j  -  t  3 ' C z )  - * / ( x )
where J 2 . ' ( z )  a n d  / S ( z )  ~ ‘■ ' A z )
These e q u a t io n s  a re  r e q u i r e d  f o r  G a l i n ' s  s o l u t i o n  ( s e e  p®9)
F o r s o l u t i o n s  i n  p o l a r  c o - o r d i n a t e s  th e  s t r e s s  c o m b in a t io n s  
u se d  a re
6 >  '=  crr + O e  <rT -< 5 &  - f l i T r a  _ J R l )
and t h e s e  a r e  r e l a t e d  t o  (£) and <jfi by
©Y S  o - J  § ‘ -  p  . „ . . ( y )
In  th e  A iry  s t r e s s  f u n c t i o n  a p p ro ach
t >!3  _ _ “£ x
y i  > Cfrj ~  ' ' b - x V j ? - -
and )(  i s  a s o l u t i o n  o f  th e  e q u a t io n  W + Y  ^  o  _____ __  O h )
S in ce  C72, -  — 0 ,  ** x — -
V  - W  ^  )
th e  A iry  s t r e s s  f u n c t i o n  i s  r e l a t e d  t o  th e  complex p o t e n t i a l  method 
by s-
^  X  ~ TQ&l p O v t d f  *? z  v5U. ( si) "Y {? ^ (&<Tj
A s t r e s s  sy s tem  s a t i s f y i n g  e q u a t io n s  (4*3) and (44-), t h u s  
a l lo w in g  r e p r e s e n t a t i o n  i n  complex p o t e n t i a l  form , i s  r e f e r r e d  t o  
a s  a  "b ih a rm o n ic  s t r e s s  system "*
G e n e r a l i s e d  P la n e  S t r e s s
Under t h i s  c o n d i t i o n ,  th e  s t r e s s e s  and d i s p la c e m e n ts  a re  
a v e ra g e d  a c r o s s  th e  t h i c k n e s s  o f  th e  p la t e *  F i l o n  s&owod t h a t  i f  
P o i s s o n 1 s r a t i o  i s  m o d if ie d  t o  su ch  t h a t  ^  s jfij , th e n  th e
- 1 2  to
e q u a t io n s  o f  g e n e r a l i s e d  p la n e  s t r e s s  a re  i d e n t i c a l  t o  th o s e  o f  
p la n e  s t r a i n .
B0 E l a s t i c  S o l u t i o n  f o r  a Hole i n  a F l a t  P l a t e .
The s o l u t i o n  f o r  an u n s t r e s s e d  h o le  i n  a l a r g e  p l a t e  u n d e r  
t e n s i o n  may he o b ta in e d  by t a k i n g
To s a t i s f y  th e  b o u n d a ry  c o n d i t i o n s  a roun d  th e  h o le
S L (  £  j  + Z j / ( z . )  +- U > ' i  z )  = 0 <rv, 2-1 = 0.* , .
v J y i ( s e e  r e f . 31)
S u b s t i t u t i o n  i n  t h i s  bou ndary  c o n d i t i o n  g iv es?
T h is  lead i
On s e p a r a t i n g  t h e  s t r e s s  c o m p o n e n t s
p g ,  *  f  +  +  ) G o l ( 9  j
yw ~ x ( / ' K + ^ )  S u ^  )
For two t e n s i o n s  a t  r i g h t  a n g le s ,  th e  s o l u t i o n  i s  s im p ly
o b ta in e d  by  th e  s u p e r p o s i t i o n  o f  two " s i n g l e  t e n s i o n s "  o f
a p p r o p r i a t e  m ag n itu d e , one b e in g  r o t a t e d  by 90°°
In  th e  c ase  where t h e  t e n s i o n s  a re  e q u a l  t h e y  a re  e q u iv a l e n t
t o  an a l l  rou nd  t e n s i o n  and th e  e q u a t io n s  s i m p l i f y  to ?
2
a j -  C i  f i r  '(
r ^  \
c r & ~  ( / Y r * )  
% ■ &  = O
The s o l u t i o n s  f o r  a  s i n g l e  t e n s i o n  and f o r  two e q u a l  t e n s io n s  
a r e  shown g r a p h i c a l l y  i n  f ig s *  47? 48 .
-126-
G * A pproxim ate  C a lcu l a t i o n  f o r  th e  Change i n  Angle 
Of O b l i q u i t y  a lo n g  th e  Specimen,
1 L e n »
/ v
F ie ,  6 1  f t W ,  / %  V f s' h t \ ) __........ .SS .
The change i n  th e  a n g le  o f  o b l i q u i t y  i n  t h e  l a y e r  (6^ )  i s
worked ou t below  f o r  r a y s  i n c i d e n t  on th e  p r ism  a t  an a n g le  <9
c lo s e  to  45°* Thus in  f i g .  6l& a n d ^ S ( in  r a d i a n s )  a r e  b o th  sm all*
In  f i g .  61 AE> *  t<* +A 3-/3  - L ° < t d iv e rt L ~  t+  ^  . (3J; | !  ^
t S*3*
. . . jL -  I* pt  ^ an(  ^ ^ As a p p ro x im a te ly  
c o n s t a n t  a s  i n  p r a c t i c e  L ^  +
Now c f  8  C ~ X  tkevK X  -  8  B J ] P  *  L < X  J z  ^  L
~  = J - L  « ~ J  6 ? l.-  4-8- V  ? /'* •$ /&  -  " A
X  i- ”S(9t . dirav.j cJ^_ ~ "  y  J 2  L .
The a n g le  i n  th e  l a y e r  ^  , i s  g iv e n  by S^>(5L J S lV O f  r  F / j f
y  c j b *  '~
' -  - < S x
Thus th e  change i n  th e  a n g le  o f  o b l i q u i t y  in  th e  l a y e r  w i th  d i s t a n c e  
a lo n g  th e  specim en i s  g iv e n  by ;
V* -  ~  1 , C d  <9,wc*e +C5*
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